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! HAS been shown! that a functional alter- 
] ation of the circulation of both kidneys of 
animals, produced by constriction of the main 
renal arteries, results in the development of 
persistent hypertension. Constriction of only 
one main renal artery is also followed by the 
development of elevated blood pressure ; in the 
dog, this does not persist for more than about 
6 weeks, but in the rabbit, rat, sheep, and 
goat, it may remain elevated for a long time. 
The intrarenal hemodynamic disturbance that 
results from constriction of a main renal ar- 
tery is undoubtedly identical with the effect, 
in man, of hypoplasia or obliterative sclerosis 
of a main renal artery, or compression of the 
artery from any extraneous cause (tumor, in- 
flammation, or kinking). More significant, 
however, is the fact that this experimentally 
produced disturbance of the circulation of 
the kidney probably simulates the effect of 
in‘rarenal, obliterative, arterial and arteriolar 
sc'erosis, the condition almost invariably 
found at autopsy in cases of human, so-called 
essential hypertension. About this condition 
t)e important questions that still remain un- 
a swered are (1) which comes first, the hy- 
} rtension or the vascular disease, and (2) 
's the vascular disease play a part in the 
velopment of the hypertension only if and 
ien the kidneys are sufficiently affected. 
Naturally enough, had I not believed that 
obliterative vascular disease within the 
iney, or any other pathologic process that 
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produces the same effects on the circulation of 
the kidneys, precedes the development of the 
hypertension, it never would have occurred 
to me to try to produce experimental hyper- 
tension by constricting the main renal ar- 
teries. Undoubtedly the best evidence brought 
forward so far in favor of the view that the 
renal disease precedes the development of the 
hypertension is the demonstration that the 
experimental renal hypertension produced by 
the constriction of the main artery of only 
one kidney returns promptly to normal when 
the clamp is released or removed, or when 
the kidney is excised.’ Similarly, the finding, 
now well established,” * that human essential 
hypertension associated with obliterative uni- 
lateral renal vascular disease, or any lesion 
that can produce a similar disturbance of the 
renal circulation, e.g., unilateral chronic pye- 
lonephritis, is cured by the removal of the 
diseased kidney, is incontrovertible evidence 
that the kidney does play a primary part in 
the origin of the hypertension. 

Even before, and certainly since, the days of 
Clifford Allbutt,* it has been asserted by many 
authors that the vascular disease in the kid- 
neys and other organs of individuals with es- 
sential hypertension (hyperpiesia of Allbutt) 
is caused by the elevated blood pressure, 
which is of unknown origin. Although the 
vascular system of dogs with longstanding (8 
years) experimental renal hypertension has 
been studied with great care, neither simple 
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intimal arteriosclerosis nor hyalinizing arterio- 
lar sclerosis has been observed as yet in any 
organs or tissues of these animals, when the 
hypertension was unaccompanied by signifi- 
cant impairment of renal excretory function. 
In dogs with experimental renal hypertension 
of very short duration (just a few days) but 
with profound impairment of renal excretory 
function, a widespread arteriolar lesion de- 
velops that is indistinguishable from the 
necrotizing arteriolar lesion of human malig- 
nant hypertension. This lesion is fibrinoid 
arteriolar necrosis, but some authors,® un- 
fortunately, have been referring to it as 
arteriolar sclerosis, and this has resulted in 
considerable confusion. It is not sclerosis, 
and it should not be confused with the hyaline 
arteriolosclerosis of the benign phase of 
human essential hypertension. 


In recent years, also, there has arisen a false 
concept of the nature of the pathologie pro- 
cess in periarteritis nodosa. This has resulted 
mainly from the studies of experimental hy- 
pertension in the rat, produced by a variety 


of means, including constriction of the main 
renal artery, the production of perinephritis 
by a perirenal membrane (collodion, silk, 
cellophane) and the parenteral administration 
of desoxycorticosterone acetate, with the in- 
gestion of large quantities of sodium chloride, 
usually in unilaterally nephrectomized rats. 
The rat is unusually susceptible to peri- 
arteritis nodosa. It has been observed® in 
about 15.7 per cent of old but otherwise nor- 
mal rats, while in the dog it is a rarity. I 
have seen it only twice, at autopsy, in about 
1,500 dogs, and then only the healed lesion, 
which, in the larger arteries, is almost indis- 
tinguishable from healed obliterative fibro- 
elastosis, or severe, simple intimal arterio- 
sclerosis. It was present only in the coronary 
arteries of these 2 animals. It has been in- 
duced in a high percentage of rats even by 
high-salt intake alone, usually in unilaterally 
nephrectomized animals.‘ Periarteritis no- 
dosa and typical arteriolar necrosis have been 
observed together® in rats with experimental 
renal hypertension, but the necrotizing lesion 
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occurred early, and only when there was im. 
pairment of renal excretory function, while 
the periarteritis occurred later, and its d 
velopment was independent of renal excreto) 
functional disturbance. 

That periarteritis should be confused wi 
arteriolar necrosis is understandable, ev: 
though they are probably different. Periarte: 
tis affects the larger and small arteries, es} 
cially the mesenteric arteries, more common! 
than the arterioles, often with developme: 
of multiple aneurysm, while the necrotizi) 
lesion of the malignant phase affects only t! 
smallest arteries and arterioles, never tl] 
larger arteries, in either man or animal. | 
periarteritis, the dominant pathologie proce 
is perivascular fibroblastic proliferation, i 
flammatory cellular infiltration, and subend 
thelial hyaline plasmatic infiltration, whi 
the vascular lesion of malignant hypertensi: 
is characterized mainly by fibrinoid necros 
often exclusively that, or with only slight pe: 
vascular inflammation. When _periarteritis 
does involve the smaller arterial branches, and 
especially the arterioles, then it may resemble 
the necrotizing arteriolar lesion, especially if 
the adventitial proliferation and perivascular 
cellular infiltration happen to be slight. 
Finally, the fact that periarteritis nodosa may 
occur naturally and has been produced in rats 
and other animals by the injection of tissue 
extracts, by specific infections, by the injec- 
tion of horse serum, and by a variety of other 
means that have not involved the development 
of hypertension, while the necrotizing arterio- 
lar lesion occurs only when there is hyper- 
tension, should be reasons enough for regard- 
ing periarteritis as a separate and distinct 
lesion, and not as has been suggested,® as the 
counterpart in the rat of the arteriolar necro- 
sis of malignant hypertension in man. 

Although there appears to be some basis for 
confusing periarteritis nodosa with arterio- 
lar necrosis, yet there is no reason whatsoever 
for confusing it with the simple hyaline a” 
teriolar sclerosis that is so characteristic 
the benign phase of human essential hyper 
tension. Nevertheless, this is exactly what hi 
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1 happening, for some investigators,!® 1 
referring to periarteritis nodosa, and even 
he necrotizing lesion, simply as vascular 
ase, and to the kidneys the seat of peri- 
ritis as nephrosclerotic have been imply- 
that they have duplicated the lesions that 
characteristic of the benign phase of es- 
ial hypertension. My contention is that 
is erroneous and misleading, and that, 
o the present time, the hyalinizing arterio- 
sclerosis and the typical nephrosclerosis 
characterize the benign phase of essential 
ertension have not been experimentally 
produced. Certainly, the implication® that 
hyoline arteriolar sclerosis is the end stage of 
previously existent arteriolar necrosis is, in 
my opinion, unjustified. As I have stated in 
vious communications, the problem of the 
nogenesis of this type of vascular disease 
still remains the outstanding one in the pos- 
sible elucidation of the origin of benign es- 
sential hypertension. This is not to say that 
the study of the pathogenesis of periarteritis 
nodosa and of arteriolar necrosis should not 
be pursued, but it is a plea to experimenters, 
for the present at least, to regard these lesions 
as distinet and certainly different from the 
simple intimal arteriosclerosis and hyaline 
arterioloselerosis of the benign phase of es- 
sential hypertension. 


Harry GOLDBLATT 
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High Serum Transaminase Activity in Heart Disease 


Circulatory Failure and Hepatic Necrosis 


By Tuomas Kuiuuir III, M.D., anp Mary ANN Payne, M.D. 


N THE PAST few years, determination of 
I the serum or plasma activity of predomi- 
nantly intracellular enzyme systems has be- 
come a valuable adjunct in the study of 
disease. Since the original report of LaDue 
et al.! many groups have investigated the lev- 
els of serum glutamic oxalacetic transaminase 
activity in a wide variety of conditions. Both 
myocardium and liver contain high concen- 
trations of this enzyme, and clinical experi- 
ence has demonstrated the value of repeated 
determinations of blood transaminase activity 
in the diagnosis and evaluation of myocardial 
infarction and liver disease.” 

In animals an uncomplicated acute myocar- 
dial infarction is associated with increases in 
serum glutamic oxalacetic transaminase activ- 
ity that correlate roughly with the amount of 
infarcted muscle.** In the majority of pa- 
tients suffering from an acute myocardial in- 
farction, the changes in blood enzyme activity 
resemble those produced in the experimental 
animal ; after the first day, the level increases, 
usually to less than 400 units, and then grad- 
ually falls to normal within a 3- or 4-day pe- 
riod.’ Infrequently, however, the blood enzyme 
activity soars to very high levels following an 
acute myocardial infarction. In animal ex- 
periments, such high levels of enzyme activi- 
ty have been recorded only in instances of 
very large infarcts.*-* Occasional patients 
have been cited with very high serum levels 
of glutamic oxalacetic transaminase activity 
prior to death from a myocardial infarction, 
and autopsy disclosed central necrosis of the 
liver.” § It has been postulated that the liver 
may contribute to these unusual levels of 
blood enzyme activity.®: ® There has not, how- 
ever, been an extensive clinical survey of this 
problem. 





From the Department of Medicine, The New York 
Hospital-Cornell Medical Center, New York, N. Y. 


Recently we observed a young man wit 
advanced rheumatic heart disease and tig] 
aortic stenosis who developed progressive h 
patie dysfunction (fig. 1) during his fin: 
illness and showed a rise in serum glutami 
oxalacetic transaminase activity to 1,912 uni‘ 
(W.D., table 1). At postmortem examinatio 
there was severe acute central necrosis of th 
liver (fig. 2). Coincidentally there was a r 
port of a similar patient with a very hig 
transaminase activity in whom a clinic: 
diagnosis of hepatitis had been consider: 
although hepatic central necrosis was den.- 
onstrated at autopsy.'!® These observations 
stimulated an extensive review of our exper!- 
ence at The New York Hospital with patien 
having cardiac disease and high levels 
serum glutamic oxalacetic transaminase activ 
ity, and this review forms the basis of the 
present report. 


Materials and Methods 


The records were reviewed of every patient who 
had a serum glutamic oxalacetie transaminase ac- 
tivity (SGOT) greater than 500 units per milliliter 
per minute as determined in the Liver Laboratory 
of The New York Hospital from January 1956 
through July 1958. The records of those patients 
who had primary eardiovascular disease and high 
levels of enzyme activity were selected for special 
study. No patients with ciinically evident viral 
hepatitis, toxie hepatitis, cirrhosis, or biliary tract 
disease were included. 

The recorded clinical information was scruti- 
nized for evidence of heart failure and hypoten- 
sion. Right heart failure was diagnosed when the 
venous pressure was elevated and the liver was 
enlarged and tender. The level of venous pressure 
was measured by direct saline manometry «nd 
referred to the estimated level of the right atrium, 
or was estimated by inspection of the neck veins. 
Hypotension was diagnosed when the syst lic 
blood pressure was 20 mm. Hg below the } re- 
viously recorded levels on 2 or more consecu' ive 
bedside determinations. A diagnosis of clin cal 
shock was made when specific comments indie: ted 
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ie presence of severe hypotension, cold wet skin, 

id peripheral cyanosis, usually accompanied by 

1anges in mentation. 

In those eases in which an autopsy had been 

formed, the sections of the liver and other 

ssues were carefully reviewed. The microscopic 
ypearance of the hepatic sections was categorized 
follows: normal, central congestion, central 

‘patie cord atrophy, central fibrosis, acute central 

erosis. A careful attempt was made to distinguish 

tween chronic or long-standing and acute changes 

the hepatic architecture. Central fibrosis or 
rophy was interpreted as evidence of chronic 
nange. Central atrophy was diagnosed when the 
ates or cords of hepatie cells radiating toward 

e hepatic vein were thin, often not reaching 

e central vein, without evidence of acute necrosis, 

d the sinuses were dilated. In evaluation of 
cute central necrosis the criteria described by 
Qsserman and Ellenberg!!! were utilized: eosino- 
shilie staining of the central area sharply con- 
trasting with the basophilic stain of the normal 
liver cells; nuclear changes including pyknosis, 
fragmentation, occasional large pale nuclei, and 
oceasional free nuclei; invasion by polymorpho- 
nuclear leukocytes; more or less architectural dis- 
ruption depending on the age of the lesion. Cen- 
tral congestion, though often present, was not 
considered essential for a diagnosis of acute cen- 
tral necrosis. 

Further to evaluate the clinical and autopsy 
correlations that became apparent among those 
patients with high transaminase activity, a second 
series was accumulated from the autopsy files of 
The New York Hospital. This group will be 
termed a “Control Series,” since it was selected 
without regard for the level of SGOT activity. 
The records of all patients who died primarily 
from cardiac disease and were autopsied during 
the 30-month period from January 1956 to July 
1958, and who had SGOT activity determined 

ithin 30 hours before death, were reviewed. 
‘ighteen patients met these criteria, none of whom 

| clinical or autopsy evidence of primary he- 
tie disease, and constitute the “Control Series.” 
serum transaminase activity was determined by 
nodification of the method of Karmen!2 and 

s reported as units per milliliter of serum per 

ute (hereafter abbreviated to units). Blood 

iples showing hemolysis were routinely dis- 
ded. 


Results 
During the 30-month period covered by this 
dy, 12,566 glutamic oxalacetie transami- 
se determinations were performed upon 
61 patients in the Liver Laboratory of The 
*~w York Hospital. In 157 patients, at least 
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Clinical course of case 3. Hepatic and renal i- 
sufficiency accompanied progressive circulatory 
failure from multivalvular rheumatic heart disease. 
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1 determination was above 500 units; most 
of these had liver disease. In-17, however, the 
high SGOT levels occurred in patients suffer- 
ing from cardiac disease without evidence of 
primary liver or biliary tract involvement 
(table 1). Eleven of these 17 patients were 
originally admitted because of an acute trans- 
mural myocardial infarction proved by the 
development of a Q-wave and RT-segment 
elevation in certain leads of the electrocardio- 
gram. The 6 other patients were admitted for 
treatment of severe heart failure due to vari- 
ous causes. Ten patients died after the SGOT 
elevation was recorded; 5 of these had myo- 
cardial infarction and 5 had severe failure 
without recent myocardial infarction. Post- 
mortem examinations were performed in 8 of 
these patients; 4 had myocardial infarction, 
4 did not (table 2). 

The maximum transaminase levels recorded 
in each patient ranged from 524 to 6,570 
units. Five patients had peak levels of more 
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Table 1 


Clinical Data in Seventeen Patients with Heart Disease and Serum Glutamic Oxalacetic 


Transaminase Activity >500 Units 


Right heart 


failure 


Case Clinical diagnosis 


We. HCVD, acute MI, 

CHF, aortie dissection 
Acute MI 
RHD, CHF 
HCVD, arrhythmias, CHF 
Acute MI 0 
ASHD, previous MI, CHF + 
Acute MI 


D.O. 
W.D. 


C.L. 
IR. 
R.L. 


N.S. 
A.T. 
AG. 
J.C, 
L.G. 
a?P. 
E.K. 
D.D. 
W.S. 
W.L. 


HCVD, acute MI a 
Acute MI 4. 
ASHD, CHF + 
RHD, CHF +4 
Acute MI _ 
RHD, CHF 

HCVD, acute MI os 
Acute MI + 
Acute MI 4. 
Acute MI + 


os 


4-4 
+++ 
aot 
+++ 


Hypotension preceding 


SGOT determination 
>500 u. 


Peak 
ee. |e 
Duration activity, 
hours units 


Severity Outcome 


6570 
3850 


+++ 
+++ 
+++ 1912 
+++ 1588 
+ 2 1256 
~ 2 954 
_ é 870 


Died, autopsy 
Died, autopsy 
Died, autopsy 
Died, autopsy 
Survived 

Died, autopsy 


Died suddenly 
” 


2 weeks later, 
autopsy 
+ 760 Survived 
736 
734 
653 
568 
554 
550 
546 
526 


524 


Died, autopsy 
>8s 

+ 6 
+ >6 
7 >6 
+++ >8 
7 >6 
_ ? 
+ 8 


Died, autopsy 
Died 
Survived 
Survived 
Survived 
Survived 
Died 
Survived 


Abbreviations: SGOT, serum glutamic oxalacetiec transaminase; HCVD, hypertensive cardio- 
vascular disease; MI, myocardial infarction; CHF, congestive heart failure; RHD, rheumatic 
heart disease; ASHD, arteriosclerotic heart disease; +, present, moderate; ++ +, present, 


severe. 


than 1,200 units, and only 1 of these survived. 
Although the number of patients involved is 
small, table 1 indicates that the higher the 
SGOT in patients with cardiac disease, the 
worse is the prognosis. Five of 7 with SGOT 
between. 500 and 700 units survived, whereas 
8 of 10 with levels greater than 700 units died. 

Serum transaminase activity usually fell 
sharply after the peak level and was often 
normal within a week in those patients who 
survived the initial episode (fig. 3). In W.T., 
in whom shock persisted for 10 days despite 
vigorous treatment, the transaminase activity 
fell from a peak of 6,250 units to 200-350 
units during a 4-day period and remained at 
that level until death. 

The clinical association between the peak 
serum transaminase activity and the level of 
blood pressure was striking. In all 17 patients, 
the elevation of SGOT to more than 500 units 
was preceded by a fall in blood pressure pro- 


ducing significant hypotension or overt clin- 
ical shock (table 1). The duration of the 
hypotension could not always be determined 
precisely from the available record, but in 
those patients from whom adequate data were 
available hypotension had been present for at 
least 6 hours prior to the SGOT elevation. 
Sixteen of the 17 patients also had right heart 
failure of varying severity. The hypotension 
heart failure, and very high transaminas 
level occurred in different settings: as a (i 
rect complication of acute myocardial infare- 
tion, in association with severe myocardi 
failure, and secondary to a rapid arrhythn 
in a patient with a diseased heart. 
Liver-function tests were frequently abnor 
mal when SGOT activity rose to high leve s. 
Serum bilirubins were elevated in 7 of 8 }2- 
tients in whom the determination was ava |- 
able. Four patients had excessive increases 
prothrombin time (over 60 seconds by 1 ¢ 
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ick 1-stage method) following the adminis- 
tion of usual doses of coumadin-derivative 
icoagulants and required treatment with 
unin K. In 3 other patients anticoagulants 
re administered without difficulty. Five pa- 
its without anticoagulant therapy had 
thrombin time determinations more than 
econds above the control. Serum alkaline 
sphatase activity and flocculation tests 
e normal. Bromsulfaleinphthalein tests 
‘e not performed. 


Pathology 

teview of the protocols and histologic ma- 
te:!al from the 8 autopsied patients revealed 
1 -ommon pathologie finding—acute central 
ne-rosis of the liver. Four of the patients also 
hal recent myocardial infarction, and 1 of 
these had a recent dissection of the aorta. 
Necrosis in other organs was not observed. 
Thus in 4 of the autopsied patients necrosis 
within the liver was the only source identified 
that could have been responsible for the ele- 
vation of the SGOT activity. 

When the liver sections were graded ac- 
cording to the degree of central architectural 
collapse, loss of hepatic-cell outlines, and 
amount of liver-cell regeneration, the appar- 
ent age of the lesion correlated with the time 
from peak transaminase activity until death. 
In patients H.S., A.T., and D.O., in all of 
whom peak transaminase activity was re- 
corded within 24 hours before death, the cen- 
tra! liver cells were acutely necrotic but the 
cords extended to the central vein and the 
architecture was intact (fig. 4). In W.D. and 
W.'., in whom peak SGOT activity occurred 
8 to 10 days prior to death, the central hepatic 
cel's had disintegrated and the central stroma 
wa compressed (fig. 2). The central spaces 
wee filled with polymorphonuclear leuko- 
cyt-s, proteinaceous debris, red blood cells, 
an: occasional free nuclei. There was also 
fib ,blastie proliferation. 

itient R.L. was unusual in that the evi- 
de: -e for central necrosis was the regenera- 
tio of the cells around the central veins as 
inc cated by large, pale, double nuclei with 
staining cytoplasm. This observation, 
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Figure 2 

Top. Section of liver from cause 3 showing exten- 
sive necrosis of cells around central veins (CV). 
Note bridges of necrotic tissue connecting central 
areas. Bottom. Higher power of same section of 
liver. Area surrounding central vein contains is- 
lands of hepatic cells, round cells, polymorpho- 
nuclear leukocytes, proteinaceous debris. Note pres- 
ervation of hepatic cells around portal triad (PT). 
Hematoxylin and eosin stain. 


however, correlated with the clinical data 
(fig. 3) of a transient SGOT rise to high aec- 
tivity after an episode of hypotension followed 
by clinical recovery for 2 weeks until a sud- 
den and unexpected death. 

In patients W.D., I.R., and L.G. there were 
central atrophy and some central fibrosis in 
addition to recent central necrosis in the liver. 
These findings correlated with the clinical 
data, since all 3 had long-standing cardiac 
disease with multiple episodes of right heart 
failure prior to their final admission. 
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Table 2 
Autopsy Data in Eight Patients with Heart Disease Who Died after Serum Glutamic 


Oxalacetic Transaminase Activity Exceeded 500 Units 


Time from 


Autopsy findings as 





peak SGOT 
Patient to death 


W.T. 10 days 


aortie dissection 
D.O. hours 


General 


ASHD, HCVD, recent MI, LVH, recent 


Liver 


Acute central necrosis 


ASHD, HCVD, acute MI, LVH, intereapillary Acute central necrosis 


glomerulosclerosis, minimal microscopic 


panereatic¢ necrosis 

RHD, LVH, RVH, aortic and mitral stenosis, 
mitral and tricuspid insufficiency 

HCVD and ASHD with myocardial fibrosis, 


W.D. days 


H.S. 24 hours 


Acute central necrosis, 
central fibrosis 
Acute central necrosis 


LVH, chronic cholecystitis, cholelithiasis 


L.R. 3 hours 
-L. 5 days 


A.T. 24 hours 
AAG. 24 hours 


ASHD, acute MI 
ASHD, LVH, RVH 


ASHD, old MI, LVH, RVH 


Recent MI, ASHD, small renal infarets 


Acute central necrosis, 
central fibrosis 

Recent central necrosis 
with regeneration 

Acute central necrosis 


Acute central necrosis, 
eentral fibrosis 


Abbreviations: ASHD, arteriosclerotic heart disease; HCVD, hypertensive cardiovascular 
disease; RHD, rheumatic heart disease; MI, myocardial infarction; LVH, left ventricular 


hypertrophy; RVH, right ventricular hypertrophy. 


A few selected cases are presented to illus- 
trate the clinical and pathologic correlations 
encountered in this group of patients with 
heart disease and high SGOT activity. 


Case Reports 
Case 1 


D.O., a 62-year-old woman, known to have 
mild diabetes and hypotension, was admitted to 
The New York Hospital 6 hours after the onset 
of severe crushing precordial pain. Physical ex- 
amination revealed hypotension, shock, a pulse 
of 20 per minute, pulmonary congestion, dis- 
tended neck veins, edema, and an enlarged liver. 
The hematocrit value was 27 per cent, a white 
blood count 30,400 per mm.* with 93 per cent 
polymorphonuclear leukocytes. A blood urea nitro- 
gen was 108 mg. per cent. An electrocardiogram 
showed complete heart block and an acute posterior 
transmural myocardial infarction. 

Twenty-four hours after admission SGOT activ- 
ity was 3,850 units and a total bilirubin was 1.2 
mg. per cent, with 1.0 mg. in the direct fraction. 
During the second day her blood pressure rose 
to 160/70 and the rhythm became normal at 80 
per minute. Despite gradual improvement, she 
died on the third hospital day. Three hours before 
death, SGOT activity was 1,400 units. 

Postmortem examination revealed a large, acute 
posterior infarction of the left ventricle extending 
into the intraventricular septum, right ventricle, 
and right atrium. There was an extensive acute 


central necrosis of the liver involving approxi- 
mately 60 per cent of each lobule. Other findings 
were intercapillary glomerular sclerosis and patchy 
fat necrosis in the pancreas. 
Comment 

High SGOT activity in this patient was 
associated with a large myocardial infarction 
complicated by severe heart failure, complete 
heart block, and prolonged shock. Autopsy 
revealed in addition to the myocardial infare- 
tion an extensive central necrosis of the liver 
of recent origin. If the sections viewed under 
the microscope are representative a large pro- 
portion of the liver was necrotic. Although 
there was extensive destruction of heart mus- 
cle, leak of enzymes from the necrotic liver 
cells must have contributed in large part 
the very high levels of serum transamina 
activity recorded prior to death. 
Case 2 

A 47-year-old man, R.L., was admitted to T) 
New York Hospital 6 hours after the onset 
severe precordial pain. During the 18 moni 
prior to admission he had occasional attacks 
angina pectoris, and his physician had recor 
blood pressures of 150 to 170/80 to 110. 

On admission he had a blood pressure of 120 


mm. Hg and a regular pulse of 100 per minu 
There were basal rales, distended neck veins, a 
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enlarged, tender liver. The venous pressure 
s 145 mm. of saline. An electrocardiogram 
| »wed a recent transmural anterior myocardial 
‘arction. 
SGOT activity 8 hours after the onset of chest 
n was 77 units. Twelve hours after admission 
blood pressure fell to 100/70 mm. Hg, with- 
signs of clinical shock, remained low for 24 
cars, and then gradually rose to 120/80. SGOT 
ivity 8 hours after the onset of the hypotension 
| inereased to 870 units (fig. 3). The patient 
vroved until the sixteenth day after admission, 
mn he suddenly had a recurrence of his chest 
n and died. 
ostmortem examination revealed a recent oceclu- 
iin of the cireumflex branch of the left coronary 
ery with an infarction of the anterior wall of 
left ventricle estimated to be 2 weeks old. A 
ral thrombus was adherent to the infareted 
area, and there were several small infarcts of the 
kidneys. Microscopie sections of the liver showed 
aclive regeneration of the hepatie cells around 
the central vein with large, pale, reduplicated 
nuclei. 
Comment 
lligh SGOT activity in this patient oe- 
curred after an acute myocardial infarction 
was complicated by heart failure and hypo- 
tension. The serum transaminase activity 
several hours after the fall in blood pressure 
was considerably higher than that usually en- 
countered in patients with an uncomplicated 
myocardial infarction. The regeneration of 
liver cells around the central vein demon- 
strated at postmortem examination 2 weeks 
after the infarction is interpreted as evidence 
of an acute but limited hepatic central necro- 
sis that was undergoing repair. The hepatic 
injury was probably secondary to the fall in 
blood pressure that occurred shortly after 
iission and was undoubtedly an important 
or in the high level of SGOT activity that 
irred at that time. The renal infarctions 
e quite small and most likely did not con- 
‘ute significantly to the SGOT elevation. 
3 


-D., a 43-year-old man was admitted to The 
York Hospital complaining of orthopnea 
jaundice. Physical examination revealed deep 
dice and cyanosis with severe respiratory dis- 

Although he had profuse diaphoresis, cold 
and an almost imperceptible pulse, his blood 
sure was 120/95 mm. Hg. The eardiae rhythm 
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Figure 3 
Clinical course of case 2. An acute myocardial 
infarction was complicated by right heart failure, 
hypotension, and high SGOT activity. Recovery 
was uneventful until sudden death on eighteenth 
day. 


was atrial fibrillation at a rate of 90 per minute. 
He had physical findings of aortic stenosis and 
insufficiency, mitral stenosis and insufficiency, and 
tricuspid insufficiency. There were bilateral pleural 
effusions, rales over both lung fields, an enlarged 
tender liver, and ankle edema. 

Shortly after admission SGOT activity was 
1,206 units, a blood urea nitrogen was 45 mg. 
per cent, and a serum bilirubin was 4.9 mg. per 
cent (fig. 1). Two days later the blood pressure 
fell and became unobtainable for 32 hours, despite 
intermittent norepinephrine therapy. The rhythm 
then reverted spontaneously to normal at a slow 
rate and the blood pressure was maintained at 
110/80 mm. Hg. On the fourth day the serum 
transaminase activity was 1,912 units, the serum 
bilirubin was 15.0 mg. per cent, with 9.2 mg. in 
the direct fraction, and the blood urea nitrogen 
was 105 mg. per cent. Five days after admission 
a venous blood ammonia was 190 gamma per cent 
(normal <100). He died on the thirteenth hospital 
day. 

At autopsy the heart weighed 700 Gm. There 
was tight aortic stenosis, moderate mitral stenosis 
and insufficiency, and a widely dilated tricuspid 
valve. Both ventricles were hypertrophied. There 
was no evidence of necrosis in the myocardium or 
in any other organ but the liver. Sections of the 
liver demonstrated acute central necrosis involving 
about 40 per cent of the hepatie lobule engrafted 
on chronic central fibrosis and atrophy (cardiac 
cirrhosis) of moderate degree (fig. 2). The kid- 
neys were hyperemic but otherwise unremarkable. 
Comment 

In this patient very high transaminase lev- 
els were associated with heart failure, shock, 





Fact 

Figure 4 
Top. Section of liver from case 4 showing massive 
acute necrosis of hepatic cells surrounding central 
veins (CV) and bridges of necrotic tissue between 
central areas. Bottom. Higher power of same sec- 
tion of liver. Cellular outlines around central vein 
barely discernible. Invasion by round cells and 
polymorphonuclear leukocytes. Note intact cords 
near portal triad (PT). Hematoxylin and eosin 
stain, 


and progressive hepatic and renal insuffi- 
ciency. The sharp reduction in hepatic blood 
flow associated with the shock produced liver 
failure, extensive hepatic central necrosis, 
very high SGOT activity, progressive bilirubi- 
nemia, and elevated blood ammonia. Although 
renal function also deteriorated secondary to 
the reduced blood fiow, histologic changes in 
the kidneys were minimal. The only possible 
source found at autopsy for the great increase 
in SGOT was the recent necrosis of hepatic 
parenchymal cells around the central veins. 

This case provides a striking illustration of 
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the effect of progressive circulatory failure o 
liver function and structure. Several exper 
enced clinical observers were of the opinio 
that the patient had developed a viral hep: 
titis. A case presenting similar clinical man 
festations and diagnostic difficulties has bec 
recently reported.'® It has not been general] 
recognized that prolonged circulatory failur 
manifested by hypotension, may lead to ma 
sive hepatic parenchymal destruction an | 
liver failure. 


Case 4 


A 58-year-old man, H.S., was admitted to T 
New York Hospital, June 22, 1957, because 
progressive dyspnea. His blood pressure \ 
160/94 mm. Hg, and the pulse was 130 per minut». 
There were basal rales, an enlarged tender liv: 
and peripheral edema. The day after admission 
blood urea nitrogen was 15 mg. per cent a 
SGOT activity was 15 units. He developed sin 
tachyeardia with a rate between 135 and 150 p 
minute with frequent atrial premature contractions 
then atrial fibrillation with a ventricular rate 
195 per minute and later atrial flutter (fig. 5). 
His blood pressure was unobtainable for 12 
hours. Following quinidine therapy, normal sinus 
rhythm returned and his blood pressure rose to 
130/70, but he died 2 days later. Twelve hours 
after the onset of hypotension his blood urea nitro- 
gen had risen to 66 mg. per cent and SGOT activ- 
itv was 1,588 units. 

At autopsy the heart weighed 790 Gm. Both 
ventricles were dilated and hypertrophied. There 
were scattered small areas of myocardial fibrosis, 
but no coronary occlusion or myoeardial infare- 
tion. Sections of the liver revealed extensive, 
acute central necrosis involving about 40 per cent 
of each hepatic lobule (fig. 4). The necrotic cells 
were sharply demareated from the normal liver 
cells, but the over-all architectural pattern was 
well preserved without fibrosis, indicating recent 
injury. The kidneys were normal. There was also 
chronic cholecystitis and cholelithiasis without evi- 
dence of recent acute inflammation. 


Comment 

In this patient progressive myocardial f:' 
ure and a very rapid ventricular rate wer 
associated with low blood pressure and h' 
SGOT activity. The hypotension was alm 
certainly a manifestation of a very low « 
diae output with a concomitant reduction i 
hepatie perfusion. The central necrosis of 
liver was the only source identified at p: 
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Figure 5 


Clinical course of case 4. High SGOT activity and hepatic necrosis occurred in setting 


of heart failure, arrhythmias, and hypotension. 


mortem examination for the increased SGOT 
rior to death. 

Control Series. The clinical and autopsy 
lata from the control series confirm and 
implify the correlations noted in the group 
{ patients with high transaminase activity. 
SGOT activity ranged from 17 to 408 units 
i the 18 patients of the control series. 

Seven patients had normal SGOT activity 
‘rior to death (table 3). In none was central 
ecrosis of the liver demonstrated at autopsy, 
nd none had hypotension or shock prior to 
eath. Four of these patients died during a 
‘out of right heart failure, and in 3 the fail- 
re was severe. Noteworthy is case 3, who 
ied from cor pulmonale associated with 
yphoseoliosis, severe right heart failure (ve- 
ous pressure greater than 300 mm. saline) 
ud deep cyanosis. Despite these abnormali- 
ies the blood pressure was maintained and 
GOT activity was normal 16 hours before 
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death. At postmortem examination the liver 
showed central congestion without necrosis 
(fig. 6). In ease 4, SGOT activity was normal 
4 hours prior to death from advanced rheu- 
matie heart disease with severe right and left 
heart failure without hypotension. Autopsy 
revealed a severely congested liver without 
evidence of acute necrosis (fig. 7). From this 
small group of patients it may be concluded 
that venous hypertension alone is probably 
not associated with either acute central necro- 
sis of the liver or elevation of the SGOT ac- 
tivity. 

The data from the 11 patients with elevated 
SGOT activity (table 3) provide further con- 
firmation of the relationships noted previous- 
ly in the group of patients with very high 
serum enzyme activity. All 5 of the patients 
with hepatic central necrosis had hypotension 
for more than 6 hours prior to death. In all 
but 2 of the patients with elevated SGOT ac- 
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Table 3 
Control Series. Clinical and Autopsy Data in Eighteen Patients Who Died of Heart 
Disease and Had Serum Glutamic Oxalacetic Transaminase Activity Determined within 
Thirty hours before Death 


Hypotension _——_—_s Acute central 
>6 hours necrosis 
Prior to SGOT prior to death of liver 


SGOT Case 
level, units number 


Right heart 


Myocardial 
failure 


necrosis 


Normal 1-7 3-6 — — — 

46 - 100 8-12 8, 11, 12 8, 9, 10 8, 9, 10 9, 10, 12 
101 - 200 13-15 13-15 — — : 14, 15 
201 - 500 16-18 18 16, 17, (18%) 16,17,18 _—16, 18 16, 17_ 


tivity, the increased enzyme activity could be 
related to either myocardial necrosis or acute 
hepatic necrosis or both. Of the 2 without 
evident tissue necrosis at postmortem exam- 
ination, 1, case 13, died of a saddle embolus. 
The other, case 11, died of rheumatic heart 
disease and failure. One patient, case 17, died 
after prolonged hypotension, but did not have 
central necrosis. Precise correlation of the 
level of SGOT activity with the hepatic archi- 
tecture and the degree and duration of the 
hypotension was not possible because of the 
variation in the time blood samples were ob- 
tained for enzyme activity determinations. 


Discussion 


This study has demonstrated that a group 
of patients suffering from heart disease with 
very high levels of SGOT activity had several 
factors in common: right heart failure, hypo- 
tension or shock preceding the SGOT eleva- 
tion, and, in those autopsied, central necrosis 
of the liver. All 8 patients who came to au- 
topsy had acute central necrosis of the liver, 
which appeared to be related in time to the 
elevated serum transaminase activity. Clinical 
and laboratory data from the 9 patients who 
were not autopsied were essentially similar 
to those from the autopsied group, and it is 
reasonable to assume that they also had an 
acute central necrosis of the liver at the time 
of the high SGOT activity. In no patient was 
there clinical, laboratory, or pathologic evi- 
dence of either hepatitis or active biliary tract 
disease. In none could other causes of elevated 
transaminase such as pulmonary infarction, 
skeletal muscle injury, brain injury, acute 
pancreatitis or drugs? be incriminated. 


In 11 patients the acute central necrosis of 
the liver was related to circulatory changes 
associated with an episode of acute myocar- 
dial infarction. Necrosis of both the heart and 
the liver undoubtedly contributed to the ele- 
vated SGOT activity in this group, but the 
level of activity was considerably higher than 
that usually associated with an uncomplicated 
myocardial infarction. In 6 patients, 4 of 
whom were autopsied, there was no evidence 
of infarction of the heart and the very high 
levels of transaminase activity were probably 
related to liver necrosis alone. 

Although both Popper’? and Sherlock" 
have emphasized the difficulties in interpret- 


ing postmortem sections from the liver, the 


acute hepatic necrosis encountered in this 
study is clearly a reflection of antemortem 
events. Acute central necrosis is not an in- 
variable finding at autopsy, even in patients 
with severe heart disease,!! and was not en- 
countered in the 7 patients from the control 
series who had normal SGOT activity prior 
to death. 

It may be concluded, then, that irrespective 
of whether or not recent myocardial infarc 
tion be present, very high levels of SGO'l 
activity (>500 units) in patients with cardio 
vascular disease and circulatory failure wh 
do not have primary liver disease are a reflec 
tion of an acute necrosis of hepatic cells sw 
rounding the central veins. Presumably los 
of hepatic cellular integrity results in lea! 
of the intracellular enzymes into the periph 
eral circulation and very high serum activit) 
Since current technics for enzyme assa 
measure the activity of the enzyme systen 
not the concentration, it cannot be stated wit 
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‘tainty that an increase in blood enzyme 
ivity means an increase in blood enzyme 
icentration. The possibility that the changes 
blood enzyme activity are secondary to 
nges in inhibitors or activators cannot be 
ed out completely. 
‘he data from the control series, selected 
hout regard for the level of serum enzyme 
ivity, reinforce the observation that, in pa- 
its with heart disease, central necrosis of 
liver is associated with elevated SGOT 
ivity and hypotension. Venous hyperten- 
1 alone was not associated with either in- 
ased SGOT activity or acute central 
rosis of the liver in the. absence of a fall 
blood pressure. That prolonged hypoten- 
sion does not invariably lead to hepatic necro- 
sis or elevated SGOT is indicated by case 17 
of the control series. We have too few obser- 
vations in patients with prolonged hypoten- 
sion and no right heart failure to draw firm 
conclusions. Melby et al. have reported mod- 
erate increases in SGOT activity in hypoten- 
sion due to endotoxin,’ a condition not usually 
accompanied by heart failure. Plasma GOT 
activity increases to very high levels in dogs 
subjected to hemorrhagic shock, and the liver 
is a major source of this inerease.1® Any form 
of peripheral circulatory failure, if severe 
enough, ean probably produce deficient he- 
patie perfusion and hepatie central necrosis 
with inereased SGOT activity. 
isolated instances of acute central necrosis 
of the liver in patients with high SGOT activ- 
ity have been previously reported.® ® 17 18 
Published protocols indicate that most pa- 
tieits with acute myocardial infarction and 
very high serum transaminase levels have 
ben hypotensive. Chinsky et al.8 presented a 
pa ient with high SGOT activity and central 
‘osis of the liver following a prolonged 
iythmia, and postulated that the hypoten- 
| associated with the arrhythmia produced 
liver damage. 
he pathogenesis of acute central necrosis 
he liver has been the subject of speculation 
e F. B. Mallory first described the histo- 
: details more than 50 years ago.!*?! He 
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Figure 6 

Section of liver from patient who died of cor 
pulmonale with severe venous hypertension, normal 
blood pressure, normal SGOT activity. Note intense 
congestion about central vein with thinning of he- 
patic cords and pyknotic nuclei. There is no evi- 
dence of acute hepatic necrosis. Control series, 
case 3. Hematoxylin and eosin stain. 


was careful to differentiate this lesion from 
chronic passive congestion of the liver and 
interpreted the acute necrosis as due to an 
acute ‘‘toxic state’’ in the antemortem period. 
Many workers have held that acute necrosis 
is caused by acute congestion of the liver. 
Balton?? and Zimmerman and _ Hillsman?* 
produced central necrosis by complete or par- 
tial “ecelusion of the thoracic inferior vena 
cava. “Although the histologic lesions in the 
liver were interpreted as secondary to acute 
congestion (greatly increased hepatic venous 
pressure), their experimental procedures 
must also have severely compromised hepatic 
blood flow and oxygen supply. 

Experiences during World War II indi- 
cated that acute central necrosis of the liver 
could develop in previously healthy patients 
following prolonged shock.2* 25 In a detailed 
study of central necrosis Lambert and Alli- 
son?® had probably recognized this same fac- 
tor when they stated that the ‘‘only constant 
etiological factor in cases of hemorrhagie 
necrosis is a severe circulatory disturbance.’’ 
In a recent study of centrilobular necrosis 
following myocardial infarction, Clarke** 
found 8 of 9 patients with central necrosis 
had developed shock after the myocardial in- 





Section of liver from patient with severe right 
heart failure, normal blood pressure, normal SGOT 
4 hours before death. Note intense central conges- 
tion and atrophy without acute necrosis. Control 
series, case 4. Hematoxylin and eosin stain. 


farction. He concluded that the shock and not 
the frequently accompanying heart failure 
was the cause of the hepatic lesion. Ellenberg 
and Osserman!! amplified and extended this 
opinion in a review of 200 unselected autop- 


sies. Prolonged shock had been present in 32 
of 34 patients with acute central necrosis. 
Noteworthy was the observation that severe 
congestive failure was not associated with 
acute central necrosis in the absence of shock. 

Although every patient in the present se- 
ries had a fall in blood pressure prior to the 
increased serum transaminase activity, only 
6 developed overt clinical shock. That more 
did not have classic clinical shock is probably 
related to at least 2 factors. First, a diagnosis 
of shock was predicated on rigid criteria. 
Second, the absolute level of blood pressure 
is not an accurate. measure of the absolute 
level of systemic or regional blood fiow, and 
the latter are important in the production of 
acute central necrosis of the liver. 

In patients with advanced heart disease and 
severe heart failure, a decline in blood pres- 
sure is generally an indication that cardiac 
output has fallen to such a low level that 
changes in peripheral vascular resistance are 
insufficient to maintain the previous levels of 
arterial pressure. Although it has been ar- 
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gued, particularly in reference to the hypc 
tension of acute myocardial infarction, tha 
the low blood pressure is largely the result o 
an inadequate adjustment of peripheral va: 

eular resistance,** the weight of the evidenc 

at the present time favors the view that a 

inadequate cardiac output is a primary faul 

In patients with advanced aortic or mitr: 

stenosis and reduced arterial pressures, dat 

obtained at cardiac catheterization hay 

shown a low cardiac output and high perip] 

eral resistance.** 3° Rapid arrhythmias ax 

frequently accompanied by a fall in cardia: 
output and arterial pressure.*! Several stuc- 
ies have demonstrated that the hypotension of 
acute myocardial infarction is accompanie | 
by a fall in cardiac output ; resistance chang:s 
are variable.**-*4 It seems reasonable, then, io 
assume that the hypotension encountered in 
the 17 patients with very high transaminase 
activity reflected a significant drop in cardiac 
output. 

It has been shown that hepatic blood flow 
parallels the level of cardiac output in pa- 
tients with chronic heart failure and that the 
proportion of systemic flow diverted through 
the splanchnic bed remains essentially con- 
stant. 36 Similarly, in burn shock** and 
hemorrhagic shock*®® hepatic blood flow de- 
elines in proportion to the changes in cardiac 
output. Cardiogenie shock must also be ac- 
companied by severe restriction of hepatic 
blood flow and very low oxygen content in 
the hepatic veins. Hepatic and mesenteric 
oxygenation are maintained during shock by 
an increase in oxygen extraction per unit 
of flow producing a widened arteriovenous 
oxygen difference.** *® Under such circum- 
stances, those liver cells farthest from the ar- 
terial and portal supply and closest to the 
central veins are bathed in blood almost ‘e 
pleted of oxygen and other nutrients. -\t 
some critical point the vitality of the cent: 
cells is compromised and necrosis and loss 
intracellular enzymes follow. If the circu 
tory reduction is prolonged, cells more a: 
more distal to the central vein begin to dé 
riorate, producing a picture of massive nec 
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s such as was encountered in W.T., D.O., 

’.D., and H.S. 

In several cases with extensive central ne- 

‘osis, there was a bridging of necrotic cells 

‘om one central area to another (fig. 4). If 

patient should survive under such condi- 

ons, it is not difficult to visualize an exten- 
ve network of fibrous tissue eventually link- 

g one hepatic lobule with another and re- 

iting in a eardiae cirrhosis. The bridging 
hetween the central necrotic areas is com- 

letely in accord with Rappaport’s experi- 
ental evidence that the terminal branches of 

e hepatic inflow circulation arborize not 
caly around the central vein but also in the 
lorder area between the lobules equidistant 

‘om the hepatic triads.*° These bridges of 
neerotie tissue, therefore, are further evidence 
of the role of circulatory changes in the path- 
ogenesis of acute central necrosis. 

Although all but 1 of the 17 patients with 
high SGOT activity had right heart failure, it 
is unlikely that venous hypertension alone pro- 
duces either acute central necrosis or high 
levels of transaminase activity.® 44 We have 
studied 8 patients with proved chronic con- 
striective pericarditis and severe elevation of 
venous pressure; SGOT activity was normal 
in all. Four patients in the control series died 
from heart failure with severe venous hyper- 
tension, and although all had varying degrees 
of atrophy and fibrosis around the central 
vein, none had either acute central necrosis 
rv elevated SGOT activity prior to death. The 
‘hronie reduction in oxygen tension in the 
erminal branches of the hepatic veins asso- 
vated with right heart failure*? may set the 
‘age, however, for the rapid deterioration of 

e central cells after the development of 

rdiogenie shock and thus be synergistic with 

» acute reduction in hepatic blood flow. 

The patients with high SGOT activity and 

rocardial infarction had extensive myocar- 

il necrosis by electrocardiographie criteria 

d at autopsy. In the experimental animal 

> level of SGOT activity correlates well 

th the size of the infarct. At least one 
the experimental technics utilized to pro- 
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duce myocardial necrosis, however, is asso- 
ciated with prolonged cardiogenic shock.*: *#% 
It is possible that in some experiments the 
high SGOT activity reflected both myocardial 
and hepatic necrosis. A correlation between 
the size of the myocardial infarction and the 
level of SGOT activity has not been estab- 
lished in man. 

The association of high levels of transami- 
nase activity and a poor prognosis in patients 
with cardiac disease has been noted by others, 
particularly with myocardial infarction.” ® 
Since this study has demonstrated that a high 
level of SGOT activity in such patients im- 
plies hepatic necrosis, the correlation between 
serum enzyme activity and prognosis is proba- 
bly not related strictly to the amount of myo- 
cardial tissue damage, but rather to the fune- 
tional consequence of a given infarction. It is 
well known that myocardial infarction associ- 
ated with shock carries a grave prognosis.** In 
terms of the function of the cardiovascular 
system, high levels of SGOT activity have the 
same clinical significance as shock and there- 
fore signify a poor prognosis. Such high val- 
ues, however, are more sensitive indicators of 
the level of hepatie perfusion than the blood 
pressure. This information may be useful at 
the bedside. Very high levels of SGOT in 
patients with cardiovascular disease should 
be an indication for vigorous attempts to treat 
the circulatory inadequacy whether or not 
overt clinical shock be present. 

There is one final implication of this study 
that merits mention. Changes in blood enzyme 
activity are widely utilized to corroborate a 
diagnosis of myocardial infarction. Not in- 
frequently if neither the clinical history nor 
the electrocardiogram is diagnostic, the in- 
terpretation of the changes in blood activity 
of SGOT or some other non-organ-specific 
enzyme such as lactic dehydrogenase may de- 
termine whether or not a patient is treated for 
acute myocardial infarction. If, as we have 
demonstrated, severe acute central necrosis 
of the liver produces striking elevation of 
serum enzyme activity, it is not unlikely that 
a minor degree of hepatic necrosis following 
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acute circulatory changes may result in lesser 
elevations and indeed produce an activity 
curve mimicking that seen in myocardial in- 
farction. We have recently observed 2 elderly 
patients with complete heart block who had 
transaminase activity curves typical of myo- 
cardial infarction when their ventricular rate 
slowed and blood pressure fell for several 
hours. In one the bradycardia was secondary 
to high potassium and in the other to over- 
digitalization. In neither was there clinical or 
other laboratory evidence of acute myocardial 
infarction. The implication is clear: SGOT- 
activity changes similar to those of myocar- 
dial infarction may occur secondary to central 
necrosis of the liver unrelated to a myocardial 
infaret. Caution should be used in interpret- 
ing serum transaminase changes in patients 
with cardiae disease without diagnostic electro- 
cardiographie or clinical abnormalities. De- 
termination of glutamic pyruvie transaminase 
levels may be helpful in such situations, since 
elevation of the serum activity of this enzyme 
appears largely to reflect liver necrosis and is 


unusual in uncomplicated myocardial infare- 
tion. 


Summary 

A survey of all patients with very high 
serum glutamic oxalacetic transaminase ac- 
tivity encountered during a 30-month period 
at The New York Hospital revealed 17 pa- 
tients with cardiae disease who had 1 or more 
serum giutamic oxalacetic transaminase (SG- 
OT) determinations exceeding 500 units. 
None had clinical evidence of primary liver 
or gallbladder disease. Eleven were admitted 
with acute myocardial infarction, 6 with 
severe heart failure. All 17 developed hypo- 
tension or shock and all but 1 right heart fail- 
ure prior to high SGOT activity. 

Several patients had abnormalities of liver 
function when SGOT activity was very high. 
In 4 there was an excessive increase in pro- 
thrombin time following administration of 
anticoagulants. 

In the 8 patients who came to autopsy there 
was histologic evidence of acute hepatic cen- 
tral necrosis. In 4 there was necrosis of both 
heart and liver, in 4 necrosis of liver alone. 
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Clinical and autopsy data from a contro! 
series of patients with heart disease selected 
without regard for the level of SGOT activity 
corroborate the association between hypoten 
sion, central necrosis of the liver, and in 
creased SGOT activity. Increase in venous 
pressure in the absence of hypotension wa: 
not associated with acute central necrosis 01 
elevated SGOT activity. 

It is concluded that very high SGOT ac 
tivity (>500 units) in patients with heart 
disease is at least in part caused by acut 
hepatie central necrosis secondary to a dro} 
in cardiac output and reduced hepatic blood 
flow. Caution is urged in the interpretatior 
of increased blood activity of intracellula 
enzyme systems as evidence for myocardia! 
necrosis. Acute circulatory changes may re 
sult in hepatie necrosis and increased blood 
enzyme activity without myocardial infarc- 
tion. 
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Addendum 


Since this manuscript was. submitted for publica 
tion a similar study has been published, which also 
demonstrates a correlation between very high levels of 
SGOT and central hepatic necrosis in patients with 
heart disease. The authors concluded, however, that 
acute right heart failure was the precipitating caus 
of the liver necrosis. (Bang, N. U., Iversen, K., Jagt, 
T., and Tobiassen, G.: Serum glutamic-oxaloacetic 
transaminase activity as an index of centrilobular liver 
cell necrosis in cardiac and cireulatory failure. Act: 
med. Seandinayv. 164: 385, 1959.) 


Summario in Interlingua 

Un revista de omne le patientes con elevatissime ac 
tivitates de transaminase glutamico-oxaloacetice de 
sero, incontrate al Hospital New York in le curs 
de un periodo de 30 menses, resultava in un lista d 
17 casos con morbo eardiae in que un o plure determi 
nationes de transaminase glutamico-oxaloacetie de 
sero (TGOS) monstrava valores de plus que 500 uni 
tates. Nulle patiente in iste serie exhibiva signo 
de un morbo primari del hepate o vesica biliari. Dee 
un habeva essite hospitalisate a causa de acute infarc: 
mento myocardial, 6 a causa de sever discompensatio 
eardiaec. Omne le 17 disveloppava hypotension o cho 
e omnes, con un exception, habeva discompensatio: 
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voxtero-cardiae ante le accusation del elevate activi- 

{ te de TGOS. 
Plure patientes habeva anormalitates del function 
patie quando le activitate de TGOS esseva multo 
vate. In 4, un excessive augmento del tempore de 
othrombina esseva notate post le administration de 
ticoagulantes. 
In le 8 patientes presentate al necropsia, provas 
tologie de acute necrosis central del hepate esseva 
istatate. In 4 il habeva necrosis del hepate e del 
rde, in 4 solmente del hepate. 
Datos elinie e necroptie ab un serie de controlo de 
tientes con morbo eardiae sed seligite sin reguardo 
nivello del aetivitate de TGOS supporta le associa- 
n inter hypotension, necrosis central del hepate, e 
gmento del activitate de TGOS. Augmento del 
sion venose in le absentia de hypotension non 
eva associate con acute necrosis central o elevation 

il aetivitate de TGOS. 
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Neuroses of the Heart 
Angina Pectoris 


Stenocardia, or the breast-pang described by Heberden, is not an independent affection, 
but a symptom associated with a number of morbid conditions of the heart and vessels, 
more particularly with sclerosis of the root of the aorta and changes in the coronary 
arteries. True angina, which is a rare disease, is characterized by paroxysms of agonizing 
pain in the region of the heart, extending into the arms and neck. In violent attacks there 
is a sensation of impending death—Wititam Oster, M.D. The Principles and Practice 
of Medicine. New York, D. Appleton & Company, 1893, p. 655. 
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Clinical and Cardiodynamic Effects of Adrenocortical 
Steroids in Congestive Heart Failure 


By Murray A. GREENE, M.D., ArTHUR GorDON, M.D., AND 
ApDoLpH J. BouTax, M.D. 


HE TENDENCY of adrenocortical ste- 
roids and corticotrophin (ACTH) to 
romote salt and water retention, resulting 
1 an increased extracellular fluid volume, has 
en established by many investigators.)~° 
tudies have also demonstrated the impor- 
ince of excessive activity of the adrenal cor- 
‘x in the pathogenesis of fluid retention and 
lema formation in various disease states, 
including heart failure.*1! In contrast, so- 
(ium and water diuresis and an improved re- 
ponse to mercurial diuretics, accompanied by 
clinical improvement, were reported in some 
patients with congestive heart failure during 
or following the administration of cortico- 
steroids and ACTH.'*-!8 The need to eluci- 
date the problem of the effects of these agents 
in heart failure and the role of adrenal corti- 
coids in the formation of edema are the basis 
for the present study of the effects of corti- 
costeroids upon the clinical status, electrolyte 
balanees, and cardiovascular dynamics in a 
group of subjects having heart disease of 
varied etiologies and congestive failure of 
irying severity. 


Materials and Methods 
Nine patients, 4 female and 5 male, with con- 
costive heart failure are the subjects of this study 
able 1). Ages ranged from 17 to 65 years. The 
itients are further classified according to etiology, 
netional capacity (New York Heart Associa- 
m), and clinical status in table 1. Varied etiolo- 
es and mild to severe degrees of heart failure 
e represented. 
The patients were hospitalized throughout the 
udy and were semi-ambulatory or restricted to 
d rest according to their functional capacities. 


From the Department of Medicine, The Bronx 
spital, New York, N. Y. 

Supported in part by a grant from The John 
lachek Foundation for Medical Research and in 
ut by a grant (H-4344) from the National Insti- 
tes of Health, U. 8. Public Health Service. 


culation, Volume XXI, May 1960 


A steady clinical state of at least 5 to 7 days’ dura- 
tion was required as a control period prior to 
physiologic testing. This state was maintained by 
the usual therapy for congestive heart failure and 
included a standard low-salt diet (less than 2 to 3 
Gm. of sodium chloride daily). Mercurial diuretics 
were not given during this control period although 
most patients had received this therapy during the 
course of their previous illness. 

During the control period, routine clinical ob- 
servations were made and pertinent laboratory data 
obtained. Radioiodine uptakes by the thyroid 
gland were measured in order to evaluate the pos- 
sibility that depression of thyroid function by 
steroids may secondarily affect clinical states and 
cardiodynamics. Phenolsulfonphthalein excretions 
and urea clearances were measured as gross indices 
of renal function. Fluid balances were evaluated 
according to daily fasting weights, daily urine out- 
puts, and frequent determinations of serum and 
urine electrolytes. 

Physiologie studies of cardiovascular hemody- 
namies by the standard technic of right heart 
catheterization were then performed (tables 2A 
and 2B). The patients were in the resting recum- 
bent positions and were not given premedication. 
Duplicate measurements of cardiac output (direct 
Fick) were made. Pressures were obtained with the 
use of Statham strain-gage transducers (P23A) 
and recorded on a multichannel oscillographie pho- 
tographie recorder. Mean pressures were obtained 
by electrical integration of the pressure pulses. 
Since flow and pressure measurements did not vary 
significantly during single studies, only average 
values are tabulated. Total pulmonary vascular, 
pulmonary “arteriolar,” and total peripheral arte- 
rial resistances were calculated according to stand- 
ard formulas (Poiseuille). Resistance is expressed 
as dynes see. em.-> by the use of conversion fac- 
tors.* Total plasma volumes were determined by 
the I1%1-labeled human serum albumin method 
and converted to total blood volumes by the use 
of peripheral hematocrit values. Predicted plasma 
volumes for either sex were based on the studies 
of Samet et al.2° These values are essentially simi- 
lar to those reported by other investigators. Pul- 





*1,332 = conversion factor from mm. Hg to dynes 
em.* 
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onary vital capacities and maximum breathing 
pacities were obtained the day prior to cathe- 
rization with the modified Benedict-Roth spirom- 
oT, 
After the control clinical and physiologic studies 

‘re completed, adrenocortical steroids were ad- 

inistered for 13 to 16 days (table 1). Six pa- 

nts received prednisone and 3 received triamecino- 

** These agents were selected because of their 
ninished tendency to cause soduim and water 
tention, edema, and potassium depletion as com- 
ired to other agents.*!-*> None of the other usual 
utraindications to steroid therapy was present. 

Clinical status, routine laboratory data, and fluid 

lances were evaluated throughout the phase of 

‘roid therapy. Radioiodine uptakes by the thy- 

id gland were measured prior to repeat cardiac 

theterization. The previously stabilized cardiac 

zimen was continued during this period. Mer- 
curial diuretics were given whenever warranted by 
ie development of appreciable aggravation of elin- 
ical heart failure. Supplementary potassium ther- 
apy was not given. 

Right heart catheterization and blood volume 
determinations were then performed on the last 
day of steroid administration; vital capacities and 
1aximum breathing capacities were determined on 
the day prior to catheterization (tables 2A and 
2B). 

Clinical status and fluid balances were observed 
in some patients for several days following steroid 
withdrawal. 

Changes in cardiovascular hemodynamies as a 
result of drug administration were evaluated in 
terms of statistical probabilities. In order to de- 
termine whether these changes may have been due 
to chance variation, or due to the action of an 
introduced variable (steroids in this study), 29 
consecutive right heart catheterizations in this lab- 
oratory in adults with varied types of heart disease 
and with varying degrees of congestive failure were 





“The authors wish to thank The Squibb Institute 
Medical Research, New Jersey, for their supply 
triamcinolone, (Kenacort ®). 
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analyzed. In each of these studies at least 2 con- 
trol “resting” cardiac output determinations (direct 
Fick), multiple pressure measurements, and resist- 
ance calculations were performed at intervals of 
22 to 143 minutes (average 41 minutes), while the 
patients’ states were considered to be constant. 
Chance or expected variations in terms of 95 per 
cent confidence limits (2 standard deviations from 
the mean variation) were established on this basis 
for the various measures of cardiovascular hemo- 
dynamics. A wide range of abnormalities in cardio- 
dynamies was present in this control group, as 
would be expected in any series of patients with 
heart disease and congestive failure. It was there- 
fore thought that greater reliability in an evalua- 
tion of the results would exist if these confidence 
limits were expressed in terms of percentage varia- 
tions rather than changes in absolute values. Two 
exceptions are pulmonary “wedge” and right ven- 
tricular end-diastolic pressures. These parameters 
are expressed in terms of absolute changes because 
only minimal variations usually occur during a 
“resting” state and because small variations in 
their usually low numerical values frequently re- 
sult in inordinately high percentage changes. 

Changes in cardiovascular dynamics in the pres- 
ent series of 9 patients who received steroids were 
then evaluated in terms of statistical significance 
at the 5-per cent level. Changes that are consid- 
ered to be statistically significant are appropriately 
indicated in tables 2A and 2B. It is appreciated 
that appraisals of the 2 sets of data in these sub- 
jects may not be strictly comparable with those of 
the control group because of the differences in time 
intervals. The possibility of greater variations in 
“resting” states may exist when studies are sep- 
arated by greater time intervals. This factor does 
not appear to represent a major difficulty, how- 
ever, since metabolic states could be studied and 
compared on the basis of oxygen consumptions 
and respiratory quotients. 


Results 
Three types of responses to steroid adminis- 
tration occurred in this series of patients: 


*S. Time periods are denoted in this column. I, control observation period prior to initial 
physiologic studies; II, during the period of steroid administration (maximal changes and 
their time of occurrence are indicated); ITI, immediately prior to the repeat physiologic 


studies. 
tDyspnea. 

moderate effort. 
tEdema. 

slight, if involving ankles. 


Severe if at rest, moderate if during mild effort, and slight if only during 


Marked if involving more than lower extremities (presacral, abdominal wall), 


AI, aortic insufficiency; AS, aortic stenosis; CHF, congestive heart failure; CP, cor pul- 
monale; E, emphysema; HHD, hypertensive heart disease; IMH, idiopathic myocardial hyper- 


trophy; 
matie heart disease. 
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MI, mitral insufficiency; MS, mitral stenosis; PF, pulmonary fibrosis; RHD, rheu- 
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Increases in congestive heart failure (5 pa- 
tients), no significant changes in clinical states 
(3 patients), and improvement in clinical 
state and in cardiodynamies (1 patient). 
Increases in Congestive Heart Failure 

Clinical heart failure increased in severity 
in 5 (eases 1 to 5) of the 9 patients during 
steroid therapy (table 1). In 4 of these pa- 
tients (cases 1 to 4) slight to moderate reduc- 
tions in daily urine volumes occurred concomi- 
tant with increases in weight, indicating posi- 
tive fluid balances. Laboratory data suggest- 
ed worsening of hepatic function (increased 
bromsulfalein retention) and renal function 
(inereased blood urea nitrogen and decreased 
urea clearance) in some patients of this group. 
All initially had normal 24-hour radioiodine 
uptakes (thyroid) ; no changes occurred dur- 
ing steroid therapy. Parenteral mercurial 
diuretics were given to 4 patients (cases 2 to 
5) because it was considered hazardous to per- 
mit the deteriorated clinical conditions to per- 
sist. Responses to this therapy were poor. 

Hyponatremia and hypochloremia existed 
in 2 patients in the control period, slight in 
one (case 1) and marked in the other (ease 3). 
During steroid therapy slight depression of 
serum sodium occurred in 2 patients (eases 
1 and 4) and of serum chloride in 2 (eases 1 
and 3). In all 5 patients daily urine sodium 
and chloride excretions were markedly de- 
pressed in the control period. During steroid 
therapy excretion of these ions did not change 
or decreased slightly in 4 patients, whereas 
an increase occurred in 1 (case 2). 

At the time of the second physiologic 
studies, 1 patient (case 1) who did not re- 
ceive mercurials had a weight gain of 6 
pounds and considerable increase in heart 
failure, and another (case 2) was somewhat 
improved by mercurial therapy but was still 
worse than his control state as well as 2 
pounds heavier. The others had resumed their 
control clinical states after mercurial therapy 
although 2 (cases 3 and 5) were 2 and 4 
pounds lighter. 

In 1 patient (case 3) the second catheteri- 
zation was unsuccessful. In the others very 
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few statistically significant changes in cardio- 
dynamics occurred (tables 2A and 2B). This 
lack of change could be attributed to the ap- 
preciable neutralization of the clinically ob- 
vious detrimental effects of steroids by mer- 
eurial therapy, which was administered until 
clinical improvement was obtained. 

Total plasma volumes were elevated ini- 
tially in all 5 patients, but they did not chang: 
much after steroid therapy. Slight falls in 
plasma volumes in 3 patients may well hav 
resulted from mercurial diureties used to com 
bat congestive failure. No significant changes 
in vital capacities and maximum breathing 
capacities occurred as a result of steroid ad 
ministration. In 3 patients (cases 1 to 3) in 
whom fluid balances were measured for sev 
eral days following steroid withdrawal, no 
significant changes occurred in weights, urin« 
volumes, and urinary excretions of elec 
trolytes. 


No Significant Changes in Clinical States 


In 3 patients (cases 6 to 8) no changes in 
clinical heart failure occurred during steroid 
administration (table 1). A weight loss of 5 


. pounds was noted in 1 patient (case 8). Mark 


ed anorexia and diminished food intake as 
well as a decline in urine output and in urin 
ary sodium and chloride excretions suggested 
that this weight loss was due to a decrease 
in tissue mass rather than to a diuretic re 
sponse. No changes occurred in laboratory 
data or in 24-hour radioiodine uptake by th: 
thyroid gland. In 2 patients (cases 6 and 7 
control 24-hour urine sodium and chlorid: 
excretions were within normal limits; in th 
other patient excretions of these ions wer 
diminished. Moderate reductions in daily so 
dium and chloride excretions occurred i 
these 3 patients during steroid administration 

No significant changes in cardiodynamic 
occurred as a result of corticosteroid adminis 
tration except for a decrease in right ventricu 
lar end-diastolic pressure and pulmonar, 
‘‘arteriolar’’ resistance in 1 patient (case 7 
(tables 2A and 2B). 

Total plasma volumes were elevated initia! 
ly in all 3 patients. In 2 (cases 6 and 7 
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ight to moderate decreases occurred during 
eroid therapy; in 1 (case 8) a moderate 
crease occurred. 
No significant changes in vital capacities 
id maximum breathing capacities occurred 
a result of steroid therapy. In 2 patients 
ases 6 and 8) in whom fluid balances were 
s udied for several days following steroid 
thdrawal, no changes occurred in body 
‘ights, urine volumes, and urine electrolyte 
cretions. 


provement in Clinical State and in Cardiody- 

mics 

In the patient (case 9) with pulmonary 

rosis and emphysema and cor pulmonale 

the basic disease, there was an improve- 
ment in dyspnea during steroid therapy (table 
1). However, a weight gain of 4 to 5 pounds 
aid a slight decrease in daily urine output 
occurred concomitantly. There were no 
changes in routine laboratory data or in radio- 
iodine uptake by the thyroid gland. A slight 
fall in serum chloride occurred. 

Improvement in cardiodynamies resulted 
from administration of corticoids (tables 2A 
and 2B). There were a significant increase 
in cardiac output and lowered pulmonary 
artery systolic and mean pressures and right 
ventricular end-diastolic pressure. Although 
these changes in pressures may have been due 
to corresponding changes in intrathoracic 
pressure (which was not measured), the simi- 
larity of pulmonary ‘‘wedge’’ pressures in 
both studies suggests that the decreases in 
pulmonary artery and right ventricular pres- 
sures were due to decreases in effective intra- 
vascular pressures. Pulmonary vascular and 

‘monary ‘‘arteriolar’’ resistances also de- 

ased significantly. Oxygen consumption 
wes higher during the second study and may 

e indicated some change in metabolic state. 

vertheless, the data indicate improvement 

lynamies. Total plasma volume increased 
htly with steroid therapy. Minimal, if 
, Improvement in vital capacity and maxi- 

m breathing capacity occurred. 

‘0 changes in fluid balance occurred fol- 

ing steroid withdrawal. 
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Discussion 


The effects of ACTH and adrenal cortical 
steroids upon renal and cardiovascular sys- 
tems in man and experimental animals have 
been far from uniform, so that generaliza- 
tion about the specific activities of these hor- 
mones is most difficult. The tendency of these 
hormones to promote salt and water retention 
and, consequently, an increase in extracellu- 
lar fluid volume has been observed by many 
investigators.’ 26 Corticoids that have prom- 
inent actions of this type include desoxy- 
corticosterone, cortisone, hydrocortisone, and 
aldosterone. Newer synthetic derivatives 
have distinctly less tendency to cause salt 
and water retention although positive fluid 
balance has been observed, especially with 
higher dosages.”!~** In contrast, some studies 
demonstrate that these hormones may possess 
diuretic properties. Davis and Howell*’ ob- 
served that both ACTH and cortisone pro- 
duced an initial loss of salt and water in the 
intact dog. Other authors have reported 
natriuresis and chloruresis during the ad- 
ministration of ACTH in man*® and in the 
rat.2° Gaunt, Birnie, and Eversole*® cited 
experimental data indicating that cortical 
hormones may produce diuresis in animals 
with normal water balance, in overhydrated 
ones, and even in mildly dehydrated ones. 

In view of this diversity of steroid actions, 
it is not difficult to understand the uncer- 
tainties regarding clinical applicabilities of 
these hormones in patients with diseases char- 
acterized by positive fluid balances, particu- 
larly congestive heart failure. This difficulty 
is further compounded by studies that have 
demonstrated increased activity of endogenous 
salt-retaining adrenal cortical hormone, aldo- 
sterone, in these diseases.” 91!) 31-33) Tn gen- 
eral corticoids have been used with caution 
in these conditions because of their tendency 
to promote salt and water retention. Vari- 
ous investigators, however, have reported fav- 
orable results following the administration of 
these hormones to patients with congestive 
heart failure.1*-!® Results, however, were not 
uniform in all studies. Some patients had 
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clinical and hemodynamic deterioration prob- 
ably due to renal retention of salt and water.'” 
In another study'® a small number of pa- 
tients demonstrated decreased urinary sodium 
excretion, increase in weight, and possibly 
increase in dyspnea. 

The present study was undertaken to eluci- 
date the effects of adrenal corticoids in con- 
gestive heart failure. In the 5 of the 9 pa- 
tients in this series subjective and objective 
clinical manifestations and laboratory data 
indicated positive fluid balances with increas- 
ed fluid accumulation and increased cardiac 
decompensation during the phase of steroid 
therapy. 
were poor. 


Responses to mercurial diuretics 
Heightened responsiveness dur- 
ing steroid therapy was not observed in any 
patient in this study. An evaluation of 
cardiodynamic changes is more difficult be- 
cause of the effects of additional diuretic 
measures given to 4 patients during steroid 
therapy. These agents were given because of 
the development of precarious clinical condi- 
tions. It is therefore not surprising that no 
significant changes in cardiodynamics and 
some decreases in plasma volumes were noted 
in those patients given mercurial diuretics 
until clinical improvement occurred. In 1 pa- 
tient (case 2) who was clinically worse and 
had an increase in plasma volume (in spite of 
2 mercurial injections) at the time of the 
second cardiac catheterization significant in- 
creases occurred in pulmonary artery and 
right ventricular end-diastolic pressures. 

In 3 of the remaining 4 patients no changes 
in clinical status occurred during steroid 
therapy. Some diminution in urinary sodium 
and chloride excretions occurred in these pa- 
tients although the depression present in the 
first group was not observed. One patient 
(case 8) had a reduction in circulating volume 
and a decline in right ventricular end-diastolic 
pressure. A minimal increase in daily urin- 
ary volume in this patient would not appear 
to account completely for the diminution in 
circulating volume although it could have con- 
tributed to it. Another possibility may be 
that of internal fluid shifts. 

In 1 patient (case 9) clinical symptoms 
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improved during steroid therapy. This was 
the only subject who had pulmonary fibrosis 
and emphysema with cor pulmonale. This 
patient had improvement in cardiodynamics 
despite a positive fluid balance. It would 
be difficult in this case to define the primary 
mode of action of the steroid from the limit- 
ed amount of data available concerning pri- 
mary pulmonary functions. Possibilities in- 
elude improvement in pulmonary inflamma- 
tion, bronchomotor tone, and vascular resis 
tance, causing a decline in right heart work 
load and, consequently, improvement in right 
heart function. Other workers have described 
favorable clinical results and improvements 
in pulmonary function following corticoster 
oid therapy in patients with chronic pul 
monary disease.*4 This case is of interest 
in that clinical and hemodynamic improve 
ment occurred only in that patient who did 
not have uncomplicated heart failure. Fac 
tors were probably present that are known t 
be favorably affected by corticosteroids, e.g.. 
inflammation, and so forth. It is also prob 
able that the additional fluid retained was 
distributed throughout the body compart 
ments and any increase in fluid that might 
have occurred in the right heart was more 
than compensated by the favorable primary 
effect on the cardiopulmonary systems. 

It is difficult to delineate those factors that 
may favor fluid retention during steroid 
therapy in some patients and not in others. 
The patients whose heart failure increased 
were those who generally seemed to have 
greater degrees of decompensation character- 
ized by severe subjective manifestations, con- 
siderable fluid accumulation, and marked de- 
pressions in sodium and chloride excretions. 
Comparison of cardiovascular dynamics be- 
tween the first 2 groups reveals much overla))- 
ping in many of the measurements. Howeve’, 
the generally higher pulmonary ‘‘wedge’’ and 
right ventricular end-diastolic pressures ai 
total plasma volumes in those patients worse 
ed by steroids suggest that deterioration 
more likely to be produced in those patien 
who already have considerable fluid accumu! 
tion. The addition of agents that can reta 
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s lt and water simply increases the severity 
o the existing positive fluid balance. 

It is difficult to explain the differences in 
r sults in the present study from those re- 
p rted by others, 1*-!® in which diuresis and 
c nical improvement were noted in many pa- 
t ‘nts with congestive heart failure. Evalua- 
t.on of the effects of prolonged administration 

various drugs in heart failure may be haz- 

lous in view of the spontaneous variations 


it may occur in this state. Strict selection , 


patient material is also important. Sub- 
‘ts who are in a steady clinical state are best 
(died ; those who have had acute deteriora- 
ion in eardiae function prior to drug admin- 
ration may not be satisfactory subjects for 
Ss Way suggest variable extraneous adverse 
‘actors which by their presence or remittance 
ity influence results. Concomitant therapy 
it may be detrimental to subjects with heart 
failure should be avoided. One group of in- 
vestigators maintained high levels of water 
intake before and during steroid administra- 
tion.*-'6 Leiter** has reviewed data which in- 
dicate that subjects with congestive failure 
may retain water excessively (resembling the 
effects of excessive antidiuretic hormone), 
leading to a worsening of clinical status. Ster- 
oils may have prevented overhydration in 
these patients’: '® as it does in water intoxi- 
cation and as an antagonist to antidiuretic 
hormone*® 86 37 and may not have affected 
any of the originally existing abnormal eardi- 
ovascular-renal hemodynamics. 
Patients were selected for the present study 
who were in a steady clinical state and who 
ad heart disease of varied etiologies and of 
‘arying severity and no other condition that 
ild be favorably affected by steroids, espe- 
‘iolly infectious diseases and overt inflamma- 
’y processes. The one exception was the 
ient with pulmonary fibrosis and emphy- 
ua. The results in this patient demonstrate 
need for care in patient selection. The 
!ase of drug administration was restricted 
13 to 16 days to minimize the possibility of 
taneous change in disease states. 
*‘urther work with agents that more spe- 
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cifically antagonize endogenous fiuid-retaining 
factors may prove fruitful in patients with 
congestive heart failure. The prominent role 
of endogenous adrenocortical hormones (espe- 
cially aldosterone) in retaining fluid and in 
promoting formation of edema in patients 
with heart failure has recently been empha- 
sized. Drugs that may antagonize these hor- 
mones would be most important.** 


Summary 


This study is concerned with the effects of 
adrenocortical steroids in patients with con- 
gestive heart failure. 

Nine adults with heart failure were studied 
during a steady clinical state (5 to 7 days), 
during administration for 13 to 16 days of 
prednisome (6 patients) or triamcinolone (3 
patients) and in some subjects following ster- 
oid withdrawal. Daily determinations of 
fluid balances were made. Standard right 
heart catheterizations and measurements of 
blood volumes were performed prior to and 
at the termination of therapy. 

Three types of responses to steroids oc- 
curred. In 5 patients inereases in subjective 
and objective manifestations of heart failure 
and increased fluid retention occurred. Four 
of them developed precarious clinical condi- 
tions during steroid therapy, requiring mer- 
curial diuretics, but with poor results. In 
general, cardiodynamie status at the termin- 
ation of steroid therapy correlated well with 
clinical status. In 3 patients the clinical 
status did not change. Some depression in 
urinary sodium and chloride excretions were 
noted during therapy. Cardiodynamics were 
unaltered, except for an unexplained decrease 
in right ventricular end-diastolic pressure in 
1 patient. In 1 patient clinical and cardio- 
dynamic state improved, despite positive fluid 
balanee. This was the only subject with 
primary lung disease (emphysema) and cor 
pulmonale. 

These studies suggest that corticosteroids 
are generally detrimental in uncomplicated 
congestive heart failure. Greater deteriora- 
tion appeared in subjects having the more 
severe degrees of decompensation, suggesting 
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that exogenous fluid-retaining influences were 


added to endogenous fluid-retaining forces, 
resulting in further accumulation of fluid in 
a circulatory system already burdened by hy- 


pervolemia. 
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Summario in Interlingua 


Iste studio es concernite con le effectos de steroides 
adrenocortical in patientes con congestive disfalli- 
mento eardiac. 

Novem adultos con disfallimento cardiac esseva 
studiate in un stabile stato clinie (pro periodos de 5 a 
7 dies), durante 13 a 16 dies de administration de 
prednisona (6 patientes) o triameinolona (3 pati- 
entes), e in certe casos post le fin del curso de medi- 
eation steroide. Esseva effectuate determinationes 
diurne del balancias de liquido. Catheterismo dextere 
standard e mesuration del volumine de sanguine esseva 
effectuate ante le initiation del therapia e post su 
termination. 

Oceurreva tres typos de responsa al administration 
del steroides. In 5 patientes il habeva subjective e 
objective augmentos del manifestationes de disfalli- 
mento cardiae e augmentos del retention de liquido. 
Quatro del cinque disveloppava precari conditiones 
elinie durante le therapia steroide. Illes requireva 
diureticos mercurial, sed le resultatos non esseva bon. 
A generalmente parlar, le stato ecardiodynamic al 
termination del therapia steroide se monstrava ben 
correlationate con le stato clinic. In 3 patientes le 
stato clinic non se alterava. Un certe depression del 
excretion urinari de natrium e chloruro esseva notate 
durante le therapia. Le eardiodynamica remaneva 
inalterate, con le exception del occurrentia de un 
inexplicate reduction del tension dextero-ventricular 
termino-diastolic in 1 patiente. In 1 patiente le stato 
clinic e cardiodynamie se meliorava in despecto de un 
positive balancia de liquido. Iste patiente esseva le 
sol con primari morbo pulmonar (emphysema) e corde 
pulmonal. 

Le hie reportate studios suggere que corticosteroides 
es generalmente detrimentose in non complicate casos 
de congestive disfallimento cardiac. In subjectos con 
plus sever grados de discompensation le deterioration 
esseva plus mareate. Isto pareva indicar que exogene 
influentias liquido-retentori esseva addite, con le re- 
sultato de un accumulation additional de liquido in 
un systema circulatori jam suffrente de hypervolemia. 


as 
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Surgical Correction of Coarctation of 
the Main Pulmonary Artery 


By WeENvDELL B. THrower, M.D., WaLTER H. ABELMANN, M.D., AND 


Dwicut E. HARKEN 


DVANCES in heart surgery, catheteriza- 
A tion, and angiography have called atten- 
tion to constrictions of the pulmonary artery 
and its branches. Recently Schumacker and 
Lurie! described a calcified stenotic zone at 
the bifureation of the pulmonary artery in a 
14-year-old girl. This was dilated with a Kelly 
clamp. No postoperative physiologic studies 
were reported. Sondergaard? reported 3 cases 
with similar stenosis at the bifurcation. Two 
of these were associated with the tetralogy of 
Fallot, while the third had an atrial septal 
defect and valvular pulmonic stenosis. Al- 
though Sondergaard discovered the vascular 
obstructions at operation, none was corrected. 

Several unoperated cases have been re- 
ported. Arvidsson and associates* demon- 
strated by angiography what appeared to be 
multiple congenital stenoses of the peripheral 
pulmonary arteries in 4 patients. Coles and 
Walker‘ reported a case of bilateral constric- 
tion of the main branches of the pulmonary 
artery, which was diagnosed by catheteriza- 
tion and angiography. Eldridge, Selzer, and 
Hultgren® reported 5 patients with stenosis 
of a branch of the pulmonary artery demon 
strated by catheterization. 

We have recently encountered 2 cases of 
stenosis of the main pulmonary artery. AI- 
though Williams, Lange, and Hecht® point out 
that stenosis is probably not unusual, our first 
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case may represent a rare form, as the con 
striction was in the middle third of the mai: 
pulmonary trunk. The constriction was suc 
cessfully treated by open operation and a 
such appears to be the first case treated defini 
tively and studied with preoperative and post 
operative cardiac catheterization. Fortunatel 
there was also cinematographic documentatio 
of the operation. 


Case Reports 
Case 1 


E.T., an 18-year-old white college sophomore 
was first seen by us in April 1957. When 4 years 
old, he had been hospitalized for pneumonia. At 
the age of 8 he was thought to have rheumatic 
fever and was in another hospital for approxi- 
mately 1 month. His family was then told for 
the first time that he had a murmur. The record 
indicates that it was heard as a systolie murmur 
along the left sternal border and was accompanied 
by a thrill. 

He did well except for episodes of epistaxis 
until the age of 15, when he began to have oc- 
casional “dizzy spells” on exercise. During the 
3 years prior to admission he noted slight dyspnea 
on vigorous exercise. On examination in April 
1957 he was well developed, weighed 166 pounds, 
and was 66 inches tall. The heart was not en- 
larged to percussion and was in normal sinus 
rhythm. A systolic thrill was present anteriorly 
in the second left intercostal space. The pulmonic 
second sound was heard poorly and was split on 
inspiration. A grade-III harsh systolie murmur 
was heard widely at the base but loudest in the 
second left intercostal space along the stern 
border; it was transmitted toward the apex ai 
into the neck. 

Electrocardiogram (fig. 1) showed delayed rig 
ventricular conduction, and cardiac fluorosco) 
and x-ray films (fig. 2) showed right ventricul 
enlargement. The pulmonary artery segment w 
not enlarged on fluoroscopy. Cardiac catheteriz - 
tion in September 1957 showed a mean systo! ¢ 
gradient of 32 mm. Hg across what was presum: 
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COARCTATION OF PULMONARY ARTERY 


Figure 1 
Case 1. Preoperative electrocardiogram showing delay in right ventricular conduction 


with pattern of incomplete right bundle-branch block. 


to be the pulmonie valve (fig. 34). The mean 
systolic pressure was 45 mm. Hg in the right ven- 
tricle and 13 mm. Hg in the pulmonary artery. 
The oxygen content of all right-sided cardiac 
chambers revealed no evidence of a left-to-right 
shunt. The arterial oxygen saturation was 94.5 
per cent. A dilution curve with Evans blue dye 
from the right atrium to the brachial artery was 
normal. The eardiae index was normal at 3.3 
L./min./M*, A diagnosis of isolated moderate val- 
lar pulmonie stenosis was made, and the pul- 

ale valve area was estimated as 1.0 em.? 
ince the symptoms were minimal and the elec- 
ardiogram and roentgenograms did not indi- 
» severe right ventricular hypertrophy, surgery 
deferred. Meanwhile, the boy worried about 
mpending operation, was unable to concentrate 
1 his studies, did poorly in college, and surgery 
requested sooner than had been elected in- 

lly. 

in March 15, 1958, under hypothermia, through 
anterior transverse bilateral incision in the 
rth intercostal spaces, a stenosis or zone co- 
tation was found in the middle third of the 
‘in pulmonary artery (fig. 4). The diameter at 
point measured 0.5 em., whereas the proximal 
distal portions of the main pulmonary trunk 
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measured 2 em. in diameter. Ideally one might 
elect excision of the zone of coarctation with end- 
to-end anastomosis. However, hypothermia would 
allow only a few minutes of circulatory arrest; 
therefore the stenotic area was incised longitudi- 
nally. This incision was extended proximally and 
distally. The valve was palpated and found to be 
normal. The lumen at the stenosis was less than 
1 em.” in area due to a thickened fibrous wall 
remarkably like that seen commonly in coarctation 
of the aorta. The longitudinal incision was then 
closed transversely (fig. 5). 

The postoperative course was uneventful except 
for right bundle-branch block that was first noted 
on the day after the operation. He was discharged 
on the fourteenth day after surgery. 

Cardiac catheterization 6 weeks after surgery 
showed that the pressure gradient had been re- 
duced from 32 to 9 mm. Hg (fig. 3B), at an 
identical cardiac index of 3.3 L./min./M?. Re- 
peated passage of the catheter across the obstruc- 
tion under fluoroscopic observation demonstrated 
that the site of residual obstruction was about half 
way between the pulmonic valve and the bifurea- 
tion of the pulmonary artery. The estimated area 
of constriction had been increased to 2.1 em.,? 
twice its preoperative size. Again blood samples 
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Figure 2 


Case 1. Preoperative posteroanterior and right lateral chest roentgenograms suggesting 
I L , { f { 


right ventricular enlargement. 


from the right-sided cardiac chambers showed no 
variation in oxygen content, and there was no evi- 
dence of other congenital lesions. 

The patient is now asymptomatic. The second 
pulmonic sound is louder than preoperatively and 
the pulmonic systolic murmur less prominent. The 
electrocardiogram shows persistent right bundle- 
branch block. 


Case 2 


B. N., a 12-year-old white girl, was first seen in 
December 1957. At birth she appeared to be a 
normal baby. The family reported that since 
infancy, on exposure to cold her hands and feet 
had tended to become blue. Although she tired 
easily, she denied other symptoms. Because of 
peripheral cyanosis she had been seen at another 
clinic in 1954, when a heart murmur was noted 
and the family was told that the child possibly 
had a “small hole in the heart.” During the year 
preceding our examination she had frequent epi- 
sodes of epistaxis. When first seen by us, physical 
examination revealed a well developed, healthy 
appearing girl with strikingly red cheeks. The 
hands and feet were slightly moist and cool but 
there was no cyanosis, clubbing, or venous disten- 
tion. The heart was not enlarged. The second 
pulmonic sound was louder than the second aortic 
sound, but not unusually loud or split. A grade-II 
basal systolic murmur was present, which radiated 
along the left sternal border and out toward the 
apex, 


Electrocardiogram, cardiac fluoroscopy, and x-ray 
films were essentially normal. Right-sided heart 
catheterization in April 1958 showed a consistent 
fall in systolic pressure from the proximal to 
distal pulmonary artery, amounting to a mean 
systolic gradient of 6 mm. Hg. The site of transi- 
tion appeared to be just proximal to the bifurca- 
tion of the pulmonary artery. There was no 
pressure gradient across the pulmonic valve. There 
was no evidence of coexistent cardiac lesions. Oxy- 
gen contents throughout the right side of the heart 
were identical. Arterial oxygen saturation was 
normal at 96.3 per cent. Indicator-dilution curves 
from the superior vena cava and the pulmonary 
artery to the brachial artery were normal. The 
-ardiae index was rather high at 6.0 L./min./M2? 
Thus a mild constriction of the pulmonary artery 
proximal to its bifureation seemed to be defined. 
The hemodynamic disturbance did not require sur- 
gical correction, 


Discussion 


The pathogenesis of constrictions of 
pulmonary artery has been debated.” * 
Most authors favor a congenital origin acco! 
ing to the Skodaic theory. This postulates < 
stricture produced by an extension of tiss 
from the ductus arteriosus into the pulmona y 
artery or aorta which contracts as the duc' 
undergoes obliteration. This explanation see 
untenable in our first case since there was 
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Figure 3 
Case 1. Right heart pressures during preoperative (A) and postoperative (B) cardiac 
catheterization. Preoperatively (A) one pressure pulse was recorded from the pulmonary 
artery proximal to the region of obstruction. Although this is compatible with a diag- 
nosis of coarctation of the pulmonary artery, this diagnosis was not made inasmuch as 
artifactual pressure tracings obtained from a catheter tip in a stenotic pulmonic valve 
may have the same appearance. The preoperative mean systolic pressure gradient of 
32 mm. Hg (A) was reduced to 9 mm. Hg postoperatively (B). The cardiac output 
was the same during both studies: cardiac index = 3.3 L./min./M.? The estimated area 
of constriction was increased from 1.0 cm.’ preoperatively to 2.1 cm.’ postoperatively. 


arent connection between the ligamentum recently operated on a patient for anomalous 
‘riosus and the stricture. venous drainage associated with long-standing 
ttention has been directed to thrombosis ‘ silent massive thrombosis of the pulmonary 
the pulmonary artery,®'! which at times arteries. He succumbed when the anomaly was 
simulated pulmonary stenosis. We have corrected at open-heart operation. It seems 
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Case 1. A view taken from the cinematographic 
documentation to show the zone of coarctation of 
the pulmonary artery. 


likely that some of the cases diagnosed by 
cardiac catheterization and angiocardiog- 
raphy** but without anatomic clarification 
might represent partially resorbed occluding 
thrombi or emboli with recanalization. This is 
unlikely in our first case as the actual outside 
diameter of the pulmonary trunk at the coare- 
tation was markedly narrowed and there was 
no evidence of thrombosis. 

Thus none of the prevailing theories of 
pathogenesis seems to explain the isolated 
midzone coarctation of the main pulmonary 
artery of our first case. In the systemic circu- 
lation, the aorta may be narrowed at 2 sites 
and at times in the abdominal region.’ Per- 
haps these are comparable vascular anomalies. 

Postvalvular stenosis of the pulmonary 
artery is probably more common than is gen- 
erally realized.*: +: To our knowledge, how- 
ever, pure stenosis, or what we prefer to call 
coarctation of the midportion of the main 
trunk of the pulmonary artery has not been 
reported. 

The corrective technic in the first patient 
reported here had not been planned preopera- 
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tively. It is fortunate that hypothermia wa 
being used. The possibility of unsuspected co 
arctation of the pulmonary artery may con 
stitute an added indication for the routine us: 
of hypothermia or mechanical bypass in wha 
is thought preoperatively to be pure pulmoni 
valvular stenosis. In case 1 the stenosis wa 
presumed to be critical on the basis of the pre 
operative pressure gradient of 32 mm. Hg anc 
an estimated area of constriction of 1 em I 
has been emphasized by Holman! that whe 
the diameter of the pulmonary artery is con 
stricted to less than 50 per cent in animals 
heart failure results. A critical level undoubt 
edly existed in our patient with a diamete 
of 0.5 em. 

The diagnosis of anomalies of the pulmc 
nary artery would be made more frequent!: 
if it were routinely considered in the differen- 
tial diagnosis of pulmonary valvular stenosis. 
The absence of postvalvular dilatation, as in 
ease 1, might make one consider coarctation 
of the pulmonary artery. 

Catheterization studies should be helpful, 
but here again special care must be exercised 
to demonstrate the exact location of the steno- 
sis or stenoses. 


At the time of operation, proper exposure 
is mandatory in dealing with all congenital 


anomalies so that the unexpected may be de- 
tected. 


Summary 

Two cases of pure congenital coarctation of 
the main pulmonary artery are reported. 

One case may be unique in that it represents 
the first report of an anatomically proved 
constriction located in the middle third of the 
main trunk. In this patient, successful open 
correction under hypothermia was carried out 
with cinematographic documentation. The re- 
sults of preoperative and postoperative car- 
diac catheterization are described. 

A plea is made for the routine use of open 
operation for correction of ‘‘pure pulmcnic 
valvular stenosis.’’ This allows better cor 
tion when the diagnosis is confirmed and fi°xi 
bility for treatment if the unusual coarcta 
or constriction of the pulmonary arter) 
encountered. 
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Figure 5 
Case 1. Illustration of technic. 
Longitudinal incision of the zone of 
coarctation and transverse closure. 
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Summario in Interlingua 

Es reportate duo casos de congenite pur coarctation 
del arteria pulmonar commun. 

Un del duo es possibilemente unic in tanto que illo 
representa le prime reporto de un anatomicamente 
demonstrate constriction in le secunde tertio del trun- 
eo principal. In iste patiente, correction aperte esseva 
effectuate a bon successo sub hypothermia con docu- 
mentation cinematographic. Es describite le resultatos 
de catheterismo cardiae ante e post le operation. 

Es recommendate urgentemente le uso de chirurgia 
aperte in le correction de ‘‘pur stenosis pulmono- 
valvular.’’ Iste technica permitte un _ correction 
superior quando le diagnose es confirmate; illo per- 
mitte un plus alte grado de flexibilitate in le tracta- 
mento in casos in que le phenomeno inusual de co- 
aretation o constriction del arteria pulmonar es in- 
contrate. 
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Vesalius 

The influence of Vesalius on the history of science may be regarded on the one hand 
in its general, on the other in its more special aspect. 

Taking the general aspect first we may say that he founded modern anatomy. He 
insisted upon, and through his early unwearied labours by his conspicuous example he 
ensured the success of the new method of inquiry, the method of observation as against 
interpretation; he overthrew authority and raised up experience, he put the book of 
nature, the true book, in place of the book of Galen, and thus made free and open the 
paths of inquiry... . 

Under a more special aspect he may be regarded as the founder of physiology as well 
as of anatomy in as much as he was the distinct forerunner of Harvey. For Harvey’s 
great exposition of the circulation of the blood did, as we shall see, for physiology what 
Vesalius’ Fabrica did for anatomy; it first rendered true progress possible. And Harvey’s 
great work was the direct outcome of Vesalius’ teaching, the direct outcome and yet one 
reached by successive steps, steps taken by men of the Italian school, of which Vesalius 


was the founder and father—Sir M. Foster. Lectures on the History of Physiology. 
London, Cambridge University Press, 1901. 
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Epidemiology of Group-A (@- Hemolytic Streptococci as 
Related to Acute Rheumatic Fever in Miami, Florida 


A Six-Year Study 


By Mitton 8. Sastaw, M.D., anp JAmMEs M. Jason, PH.D. 
With the technical assistance of Madelyn Saul, B.S., and Sallie Anne Jenks 


*¥>.PISODES of acute rheumatic fever are 
'_4 believed to be triggered by infections 
\ ith group-A B-hemolytie streptococci, 10 to 
*) days prior to the rheumatic complication. 
l‘owever, both rheumatie fever and rheumatic 
heart disease are infrequent in Miami, Flor- 
ija.!)* If the incidence rate of rheumatic dis- 
ease depends on the frequency of group A 
streptococci, the low rheumatic rate in Miami 
should be accompanied by corresponding low 
streptococcal prevalence. A study was insti- 
tuted in February 1953 to test this hypothesis. 


Methods and Materials 


Throat cultures were collected on swabs from 
18,329 subjects between February 1953 and May 
1958.3-6 Each swabbing was carried out by hold- 
ing 2 swabs together and passing the tips over 
the tonsillar areas and the posterior pharynx. One 
of each pair of swabs was plated on beef-infusion 
agar fortified with 4 per cent sterile defibrinated 
sheep blood; the other was plated on neopeptone- 
infusion agar fortified similarly. During the first 

years, plates were prepared in our own labora- 

ry; for the past 3 years, plates prepared com- 
wreially (Hyland Laboratories, Los Angeles, Cal- 
rnia) were used. After 24 hours’ incubation at 
37 C., plates were read for the presence of B-hemo- 
ic colonies. Occasionally, poor growth necessi- 
a'ed an additional 24 hours’ incubation, generally 
ler anaerobic conditions. Colonies appearing to 

B-hemolytie were subcultured until pure cul- 

es were obtained. Verification of the nature of 

organisms depended on f-hemolysis under 
erobie conditions, with identification by Gram 
ining after growth in Todd Hewitt broth. Pure 
tures then were grouped according to the 
hod of Laneefield,’ by use of commercial 





‘rom the National Children’s Cardiae Hospital, 
mi, Fla. 

ided in part by financial support provided by the 
8S. Public Health Service (Grant H-1738) and by 
Florida State Board of Health. 
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(Difco) streptococcal antisera, groups A, B, C, 
F, and G. 

During the same period of time, 4,265 blood 
samples were drawn, and antistreptolysin-O de- 
terminations performed on them, by the method of 
Rantz and Randall.§ 

Epidemiologic procedures for these studies varied 
from year to year, in order to provide answers to 
specific questions. Thus, a small group of children 
were followed repetitively for 3 years, from first 
through third grades;° a county-wide mass survey 
was conducted in children attending first through 
third grades;° variations in streptococcal incidence 
and prevalence as related to age were observed ;® 
possibilities of streptococcal transmission from 
child to mother or mother to child were investi- 
gated ;!° streptococcal findings and illness resulting 
in school absence were studied;!° a case registry 
of rheumatic fever and glomerulonephritis with 
intensive follow-up was instituted.1!: 12 


Results _ 

Subjects were considered in the following 
age classes: 0 to 6, 6 to 9, 9 to 15, University 
students, adults, and mothers of second-grade 
children. The prevalence of B-hemolytie strep- 
tococci in these groups is presented in table 1. 
The findings indicate that the highest inei- 
dence was observed in the 6- to 9-year-old 
children (11.09 per cent), while the lowest 
was in the mothers of second-grade children 
(0.2 per cent). This low figure was obtained 
at the same time that 10.8 per cent of the 
second-grade children themselves harbored 
group-A B-hemolytic streptococci. These dif- 
ferences are highly significant (p<0.0005). 

Throat swabs collected monthly for 8 con- 
secutive months during the school year from 
a group of 6- to 9-year-old children yielded 
positive cultures for group-A {-hemolytic 
streptococci at least once in 30 to 40 per cent 


of the children studied (average 35.49 per 
cent) 3-6 
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Table 1 


Number and Per Cent of Group-A B-Hemolytic Streptococcal Isolates, A ccording to Age 
of Subjects, Miami, Florida (January 1953 through June 1958) 








No. cultures 


Age of subjects taken Group-A no. 


B-hem. strep. 
per cent 


Antistrepto- 
lysin-O 
titer 
average 


No. of 
samples 


All other B- 
hem. strep.* 








0-6 
6-9 
9-15 
18-23 
23+ (adults) 


Mothers of 2nd 
grade children 
Epidemic—4/58 
Repeats 
(A only) 

Total 


764 
11,248 1,247 
2,091 151 
631 7 
1,812 40 


21 


863 2 
920 104 


100 
18,429 


64 
1,636 


2.8 
11.0 


7.2 


1.0 


99 


2 
3 


11 


64.0 
8.8 


*Groups B, C, F, G and nongroupable strains. 


Throat cultures taken simultaneously from 
mothers and children on 863 occasions (36 
pairs of participants) yielded B-hemolytic 
streptococci from one or both subjects 169 
times. The same group of £-hemolytic strep- 
tococci was recovered from the throats of both 
5 times, and only once were group-A £-hemo- 
lytic streptococci found in the cultures from 
both parent and child.’ 

Antistreptolysin-O titers performed on 
blood samples drawn from children 6- to 9- 
years-old averaged from 82 to 103 units; 
University students 96 units; adults 73 units; 
mothers of second-grade students, 97 units.** 
All bloods were drawn when subjects were 
clinically well, except for 340 samples taken 
from children 7- to 8-years of age, among 
which were studies carried out during 78 re- 
spiratory absences. The average antistreptoly- 
sin-O titer of these 340 bloods was 82. 

Daily absentee records were maintained on 
53 second-grade students.’ Cause of absence 
was determined each time. Thirty-four chil- 
dred had 78 respiratory illnesses (table 2). 
Throat cultures taken within 24 to 48 hours 
of initial absence, and prior to administration 
of antibiotics (which were given only rarely), 
were negative for B-hemolytie streptococci 
from 22 subjects, accounting for 41 absences 
attributed to respiratory infection. Data were 
not available in 1 episode. Streptococci were 


0 
1,808 
0 
631 
1,611 


47 
2,013 
394 
63 
195 


9 


215 


49 
141 


64 
2,966 


recovered from the throats of the remaining 
12 children. Four children had 15 respirator) 
absences, during 10 of which group-C strains 
were isolated; 2 had 4 illnesses during 2 of 
which nongroupable strains were recovered. 
Ten group-A strains were recovered from the 
throats of the remaining 6 children who suf 
fered 17 absences due to respiratory disease. 
Of these 6 children, however, only 2 devel- 
oped their respiratory illnesses within 24 
hours of the first isolation of the group-A 
organisms. In the remaining subjects, group- 
A organisms were isolated repeatedly for 7 
weeks before illness in 1 subject, 6 weeks in 
another, 10 days in a third, and 7 days in a 
fourth. Two of the 6 children showed a rise 
in the antistreptolysin-O titer, only 1 of whom 
had an illness and initial isolation associated. 


Epidemics 

In February and March 1955, the appear- 
ance of increased numbers of group-A type5 
organisms* led to intensive study in 2 class- 
rooms of 1 school.® This type of streptococc 
was recovered from the throats of 46 per ce 
and 30 per cent respectively of those culture... 
There was no indication in any other class 
that these bacteria were prevalent. All but | 
of the 18 children with type-6 strains, fr 


the Communicable Disease Center, U.S.P.H.S., Cha 
blee, Georgia, or with serum provided by her. 


Circulation, Volume XXI, May 19 





-ETA-HEMOLYTIC STREPTOCOCCI 


Table 2 


Recovery of B-Hemolytic Streptococci from Throats of Thirty-Four Second-Grade 
Children during Seventy-Eight Respiratory Illnesses. (October 1956-May 1957) 


Total number of second-grade students studied 53 


Respiratory illnesses: 


No. without recovery of 
B-hemolytie streptococci: 


No. with recovery of 
B-hemolytic streptococci: 


No. positive, group-C 
B-hemolytie streptococci: 


Total illnesses 
No. positive, group-NG 
B-hemolytic streptococci: 


Total illnesses 
No. positive, group-A 
B-hemolytie streptococci: 


Total illnesses 








children 34 
illnesses 78 


children 
illnesses 


children 
illnesses 


children 
illnesses with 
organism recovered 


children 
illnesses with 
organism recovered 


children 
illnesses with 
organism recovered 





*Data not available in 1 episode of illness. 


whom sufficient blood samples were available, 
showed a rise in antistreptolysin-O titer of 2 
tubes or greater in serial studies. Despite 
these rises in titers, the number of absences 
did not inerease. Absenteeism in these 2 
classes was no different from that elsewhere 
in the school. Comparison with absence rates 
during other months, and with other schools, 
failed to show any evidence of a ‘‘clinical 
epidemie.’’ 

Early in April 1958, group-A type-12 or- 
eanisms appeared on the increase in 1 school. 
Nine hundred children, the entire school pop- 
ation (except for 48 who refused or were 

t of town), had their throats cultured with- 

2 days. Those who were absent were reached 

their homes. Group-A streptococci were 
lated from 103 cultures (11 per cent), 
rying from 7 per cent among sixth grades 

16 per cent in the second grade. These find- 

gs are consistent with the average recovery 

‘es previously mentioned as related to the 

e of children. However, data were collected 

individual classes. Of the 29 rooms in the 

1001 not 1 had a group of children com- 
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pletely free of group-A organisms.* The 
range was from 3 per cent (1 of 34) up to 
32 per cent (11 of 34). Five of the 7 class- 
rooms with highest percentages (over 15 per 
cent) were on the first floor. of the 2-story 
building, all emptying on to 1 portion of 1 
corridor. One class with a high rate was on 
the second floor, at the head of the stairway 
leading to the same portion of the same cor- 
ridor. The seventh class met on the ground 
floor in the school cafeteria. No correlations 
were evident between the streptococeal rates 
and absenteeism. Of the cultures taken in 
school, 11.2 per cent (96 of 856) were posi- 
tive, whereas 17 per cent (7 of 42) of the 
absentees cultured were positive for group-A 
streptococci. This difference is not statistically 
significant (p>0.20). When there were sib- 
lings, the recovery rate paralleled the over-all 
school rates. 

The case register! 12 of active rheumatic 
episodes maintained from October 1, 1955, 
through September 30, 1958, revealed the oc- 





*A shortage of typing serum precluded the possi- 
bility of typing all isolated organisms. 
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Table 3 


Episodes of Acute Rheumatic Fever in Dade County, Florida, as Reported by Practicing 
Physicians: Case Register Maintained from October 1955 through September 1958 


10/55-9/56 
Age of subjects Present* Absent? 


Present 


Unlisted 
Subtotals 
Totals 


10 
17 


10/56-9/57 


44 


10/57-9/58 
Present Absent 


Total 


Absent Absent 


Present 


0 0 0 0 
1 1 
3 11 
5 12 


20 


*Present = Jones criteria for Rheumatic Fever satisfied. 
+Absent = Jones criteria for Rheumatic Fever not satisfied. 


currence of 83 episodes, of which 53 satisfied 
the modified Jones criteria (table 3). 
quarter of the total were observed in children 
under 9 years of age; an additional third, in 
the 10- to 15-year-old group; 23 in subjects 
under 30 years old, and the remainder, in 
patients over 30. 


One 


Discussion 
Obvious rheumatic fever is seen infre- 
quently in Dade County, Florida,'* as evi- 


denced by the report of only 83 episodes in a 


3-year period in a population averaging be- 
tween 750,000 and 850,000. Group-A B-hemo- 


lytic streptococci, on the other hand, are 
recovered frequently from the throats of local 
school children, particularly in the 6- to 9- 
year-old bracket.*® The high streptococcal 
incidence and prevalence findings do not cor- 
relate with the low rheumatic fever rate. 

The infrequency of rheumatic illness might 
be attributed to the presence of unrecogniz- 
able forms of the disease. However, previous 
studies in Dade County showed that rheu- 
matic heart disease also is infrequent in 
native-born Miami school children,! and that 
rheumatic heart disease is observed infre- 
quently in autopsies performed on _ native- 
born deceased Floridians.” 

Certainly the small number of rheumatic 
episodes cannot be attributed to a dearth of 
group-A £-hemolytic streptococci. Undoubt- 


edly, other factors—climate, socioeconomic 


status, environment, and heredity, to name : 
few—must affect the mechanism whereby thes: 
bacteria exert their etiologic effect in leading 
to rheumatic fever. 

The ubiquity of B-hemolytic streptococci 
and the high frequency of recovery from 
throat cultures suggest that these findings re 
flect the ‘‘ecarrier state’’ rather than infec 
tions.® If infection is defined in terms of elin- 
ical illness, undoubtedly the bulk of our 
isolations were from the throats of carriers 
However, if subclinical infection is recognized 
as that condition in which bacterial recovery 
is accompanied by immunologic responses 
such as a rise in antistreptolysin-O titer, ap- 
proximately 50 per cent of our positive chil- 
dren in serial studies showed a rise of 2 tubes 
or greater. Although this figure is lower than 
the 70 to 80 per cent reported from northern 
centers,'* the difference is inadequate to ex- 
plain the low-incidence rate of rheumatic 
fever. 

What about clinical infection related to 
streptococcal recovery? In a study of schoo! 
absenteeism due to respiratory illness, the 
streptococcal recovery rate was significantly 
higher than the rate of isolation from tle 
throats of children who were not ill.1+ In 
second study,’ 6 of 78 illnesses attributed 1» 
respiratory causes were associated with the 
recovery of group-A B-hemolytic streptococce 
In only 2 of these 6 children did the respir 
tory illness develop within 24 hours of tl’ 
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\itial recovery of a group-A organism; one 
ad a rise in antistreptolysin-O titer. Mothers 
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me as the children. No cross infection was 
yparent. 
Although the group-A B-hemolytic strepto- 
weus may be the cause of clinical illness (as 
en by the higher recovery rate of these or- 
inisms from the throats of children ill with 
‘spiratory infections than from those not 
|), the frequency of streptococcal isolation 
om the throats of well children, the failure 
develop rises in antistreptolysin-O titer in 
‘spiratory illnesses occurring at the same 


ime that group-A strains were isolated, and 
he observation that respiratory infections 


may be due often to organisms belonging to 
rroups B, C, or G, confuse the streptococeus- 
illness situation in Dade County, Florida. 
This lack of clear-cut relationship between 
recovery of organisms and respiratory illness 
may be different in Miami from other cli- 
mates, and in order to clarify the relationship 


between streptococcal findings, clinical re- 
spiratory involvement, and the incidence of 
acute rheumatie fever comparative studies in 
other geographic locations are essential. 


( 


re 


Summary 
Rheumatie fever and rheumatic heart dis- 


ase are infrequent in Dade County, Florida. 


Conversely, B-hemolytic streptococci are 
overed frequently, particularly from the 
‘oats of children 6 to 9 years old. 
“he relationship between group-A £-hemo- 
i¢ streptococci, clinical illness, and rheu- 
iitie illness may be different in South Flor- 
from elsewhere in the United States. 


Summario in Interlingua 
ebre rheumatic e rheumatic morbo eardiae non 
‘requente in le Contato Dade in Florida. 
el altere latere, streptococcos beta-hemolytie es 
te frequentemente, super toto ab le gurgites de 
‘niles de inter 6 e 9 annos de etate. 
| es possibile que le relation inter streptococcos 
-hemolytie del Gruppo A, morbo clinic, e morbo 
‘matie non es le mesme in Sud-Florida como al- 
bi in le Statos Unite. 
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Environmental Factors in Coronary Heart Disease 


An Epidemiologic Study at Agra (India) 


By Krisuna S. Maruur, M.D., F.R.C.P. 


ORONARY heart disease, emerging from 

obscurity in the early years of the cen- 
tury, has become the most serious and imme- 
diate health problem in many countries. In 
New England the incidence has risen from 37 
per cent of 2,314 cardiac patients in 1928! 
to 48.5 per cent among 3,000 heart patients in 
1951.2 A review of a series of 1,284 consecu- 
tive hearts examined by the injection-plus-dis- 
section technic of Schlesinger, at the Beth 
Israel Hospital, Boston, during the decade 
1941 to 1950 revealed myocardial infarction 
on gross and histologic examination of the 
myocardium in 268 or 20.6 per cent and oc- 
clusion of coronary arteries in 342 or 26.6 
per cent of the hearts.* 

Comparable statistics on the subject are not 
available in India but the disease has appar- 
ently assumed menacing proportions and can 
be presumed to be on the increase. Sanjivi,* 
Vakil,® Samani,® and Padmavati’ have re- 
ported incidences of 11.8 to 13.5 per cent in 
their hospital series of cardiac cases. In a sim- 
ilar study of heart cases in private practice 
Vakil® found the frequency to be 26 per cent. 
Recently Malhotra® reported an incidence of 


28.3 per cent in combined hospital and private | 


series. 

A most striking and potentially important 
fact about this disease is its geographic varia- 
bility, i.e., the great differences in its incidence 
and mortality in different populations. It has 
been reported, for example, that middle-aged 
men in the United States, Great Britain, and 
Finland are more prone to die of coronary 
heart disease than are men of the same age in 
Norway or Denmark, and are several times 
more prone than are men in Italy or Portu- 
gal; the disparity is even greater when com- 


From the Department of Medicine, Sarojini Naidu 
Medical College, Agra, India. 


parison is made with middle-aged men i: 
Japan, with the Bantu in South Africa, th 
Mayan Indians in Guatemala, the Navajc 
in New Mexico, the Jews in Yeman, the ni 
tives in Okinawa, the Negroes in Nigeria, an: 
so on. Gordon’ observed that the death rat 
from arteriosclerotic heart disease is lowe’ 
among Japanese in the United States tha 


among white American men of the same age 


group, and it is still lower among Japanese in 
Hawaii and in Japan. 

These observations indicate the need for 
new epidemiologic data that emphasize differ- 
ences of race, culture, ways of life, stress and 
strain, and dietary habits. It is the purpose 
of this paper to determine the role of environ- 
mental and nutritional factors in the genesis 
of coronary heart disease from an analysis of 
ease records of patients treated in hospitals 
and private practice as well as field surveys 
of the general population belonging to differ- 
ent socioeconomic groups. Such an approach 
may supply a few clues to investigators, who 
may then study these problems in the labora- 
tory. 

Material 

These studies have been conducted at Agra, one 
of the 3 big medical centers of Uttar Pradesh— 
the biggest state of India. The patients are drawn 
to this center not only from the rural and urban 
population of Agra, but from most of the sur- 
rounding western districts of the State. 

The material for these investigations has bee 
obtained from 2 sources: (1) case records 
coronary heart disease patients, and (2) surv 
of the general population. 

1. The clinical material for this study 
drawn from both hospital and private cases 
coronary heart disease seen by the author! fi 
January 1946 to August 1957. There were 
eases of coronary heart disease among 3,273 ca 
ac patients during this period. These inclu 
401 or 35.2 per cent of 1,127 private and 152 
7 per cent of 2,145 hospital cardiac cases, giv 
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: 1 over-all incidence of 16.9 per cent in the com- 
ned private and hospital series. Of these 553 

) atients, 391 or 71 per cent were cases of myo- 
rdial infarction, 133 or 24 per cent were angina 

| eetoris, and 27 or 5 per cent were cases of coro- 
iy failure. 

The peak age incidence in the present series was 

» to 55 years (table 1). About two thirds of all 

ses between 40 and 60 years, 12.3 per cent were 

‘low 40 years, and the youngest was 18 years old. 

There were 492 men (89 per cent) and 61 

omen (11 per cent), the sex ratio being 8:1 The 
<x difference was less marked after the age of 
4) years. 

The constitution of the patients was classified 

ectomorphie in 39 per cent, mesomorphie in 51.3 

r cent, and endomorphie in 9.7 per cent. Hyper- 

nsion was present in 50.2 per cent, diabetes in 

} per cent; and the serologic test for syphilis 

as positive in 3.8 per cent. 

A family history of coronary heart disease was 
available in 7.4 per cent, of hypertension in 3.8 
per cent, and of diabetes in 2 per cent of the 
cases. These figures do not reflect the true familial 
incidence of these diseases, since most of them 
had been treated by practitioners of indigenous 
medicine who did not diagnose these diseases, and 
some others were ignorant of the cause of death 
among their close relatives. 

2. The data concerning the general population 
have been obtained from records of a planned field 
survey!? of the incidence of coronary heart dis- 
ease including clinical and _ electrocardiographic 
studies, detailed analysis of the dietary pattern, 
and estimation of the blood lipids among 1,056 
persons of the general population over the age 
of 25 years belonging to different socioeconomic 
groups. 

In deciding on the socioeconomic classification, 
consideration was given to vocation, education, 
status in society, and income. Doctors, lawyers, 

iversity professors, high government officials, 

d businessmen with a monthly income over Rs. 
000 per month were classed as that “high-socio- 

momie group”; clerks, school teachers, petty 

icers, shopkeepers with income levels between 

. 100 and Rs. 500 per month were classed as 

: “middle-socioeconomie group”; and industrial, 

nual, and agricultural workers with less than 
‘. 100 as their monthly wages were grouped to- 

her as belonging to the “low-socioeconomic 
y yup.” 
During the course of the present investigations 
) of the high-, 350 of the middle-, and 480 
rsons of the low-socioeconomie group were 
‘died. In the last category were included 230 
lustrial, 121 manual, and 129 agricultural 


_ 
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Table 1 
Age Distribution of 553 Cases of Coronary Heart 
Disease 


Age group 
(years) Percentage 

Below 20 0.1 
21—25 0.7 
26—30 1.8 
31—35 4.0 
36—40 5.8 
41—45 12.1 
46—50 18.3 
51—55 20.4 
56—60 13.7 
61—65 11.5 
66—70 tok 
71—75 3.2 
76—80 0.7 

Over 80 2 0.3 











workers. Eleven cases of coronary heart disease 
were encountered, giving an over-all incidence of 
1.04 per cent. 

Observations 
Urban Versus Rural 

Of the 553 cases of coronary heart disease 
seen by the author 488, or 88.2 per cent, were 
from Agra and neighboring cities and towns, 
while the remaining 67 patients, or 11.8 per 
cent, came from villages. 

One explanation may be that patients from 
rural areas are less likely to travel to Agra 
for an episode of chest pain, unless compli- 
cations arise, whereas the city dwellers being 
conscious about heart attacks consult physi- 
cians on minor suspicion. The figures would 
not then give convincing proof of the relative 
frequency of coronary heart disease in urban 
and rural populations. The answer will come 
from field surveys. Although our experience 
of field studies in villages is limited, our im- 
pression is that the incidence is low in rural 
populations. 

Socioeconomic Status 

The incidence of coronary heart disease was 
35.2 per cent of all cardiac cases in private 
practice and 7 per cent of cardiac patients 
admitted to the hospital. The majority of the 
former belong to the high-socioeconomic group 
and the majority of the latter come from the 
low-socioeconomie group. On further analysis 
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Table 2 
Incidence of Coronary Heart Disease in Different 
Socioeconomic Groups of the General Population 


Number Coronary 
studied heart disease Percentage 


Socioeconomic group 


High 216 9 4.0 
Middle 350 2 0.6 
Low 480 0 0 

Industrial —230 

Manual —121 

Agriecultural—129 
it was observed that of the 553 cases of coro- 
nary heart disease 63.3 per cent belonged to 
the high-, 25 per cent belonged to the middle-, 
and 11.7 per cent to the low-socioeconomic 
group. 

In the field studies among 1,056 unselected 
individuals, the incidence of coronary heart 
disease was 4.1 per cent in the high group, 
and 0.57 per cent in the middle group. No 
case was encountered among 480 industrial, 
manual, and agricultural workers (table 2). 

These observations emphasize the marked 
preponderance of coronary heart disease in 
the privileged class of society in contrast to 
the socioeconomically backward class, which 
enjoys a relative immunity from this disease. 
Diet 

Of the 553 cases 62.2 per cent were vege- 
tarians and 37.8 per cent were nonvegetarians. 
But this question is unimportant in India be- 
cause, with few exceptions, the so-called non- 
vegetarians in India take meat only 2 or 3 
times a week. 

We have therefore studied the nutritional 
status of 102 consecutive cases of coronary 
heart disease with regard to daily intake of 
fat, proteins, carbohydrate, cholesterol, total 
calories, and percentage of calories from fat 
and compared them with similar studies ecar- 


ried out in field surveys among normal per- 


sons belonging to various socioeconomic 
groups.'* The focal point of interest in the 
diet has been the relationship of dietary fat 
to coronary heart disease. 

The maximum incidence of coronary heart 
disease in the field survey was found in per- 
sons of the high-socioeconomic group who 
consume the highest amount of total dietary 
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fat and derive the highest percentage of cal 
ories from dietary fat. Members of the high 
socioeconomic group consumed 86.5 per cen‘ 
of saturated fat versus 77.7 per cent by thos: 
in the middle and 52.1 per cent in the lov 
groups. 

The fat intake, percentage of fat calories 
and saturated fat in the dietary pattern 0! 
coronary cases are similar to the high-socio 
economic group of society, which bears th: 
maximum burden of coronary heart disease 
Serum Lipids 

Studies of serum lipid in the field surve) 
gave the highest values of serum cholestero 
in the high-socioeconomic group and lowes 
in the low-socioeconomie group; this was als: 
true for the values of serum lipid phosphorus 
The cholesterol/phospholipid ratio in the 
groups did not differ significantly from on 
to another. A gradual rise in serum cholestero 
was also observed with age from 20 to 50 
years, after which a slight fall occurred. 

Eighty normal controls were drawn from 
this study and matched according to age, sex, 
and socioeconomic status with 80 cases of cor- 
onary heart disease, and their serum lipids 
were compared.’® 

The mean values of total serum cholesterol, 
serum lipid phosphorus, and _ cholesterol 
phospholipid ratio were significantly higher 
in the coronary group than in the control 
group. In cases of coronary heart disease, the 
rise in total serum cholesterol was greater than 
the rise in serum lipid phosphorus. There was 
a considerable overlap of values between the 
coronary group and the normal group bi 
very high values were infrequent in norma 
individuals. 

It is considered that determination 
serum cholesterol is a reliable and simple p1 
cedure for identifying persons with gro 
disturbance of lipid metabolism, which 
blamed as one of the factors in coronary hea 
disease. 

Physical Activity 

Business executives formed the largest p« 
centage of 553 patients with coronary hea 
disease, with doctors, landlords, and high g 
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rnment officials following in order. Shop- 
eepers, clerks, and petty officers accounted 
or a smaller group of such patients. The 
\inimum number of cases were found among 
iborers and farmers. The results of the field 
urvey confirmed the observations made in 
ie hospital wards and private practice. 

In an evaluation of the amount of physical 
ctivity involved in each ease, it was roughly 
ssumed that the higher strata of society, 
‘hich bear the maximum burden of coronary 
eart disease, did litthke manual work in 
iarked contrast to the poorer sections of so- 
iety, whose work and mode of life demand 
reater amount of physical work. 
tress and Strain 

It is difficult to assess the part played by 

stress and strain on the incidence of coronary 
lieart disease in an epidemiologic study of 
ihis nature. The emotional tempo of life has 
vone up considerably during the last 2 dec- 
ades, and this is more evident in the big cities. 
The poor Indian villager is quite removed 
from this tension and relaxes more completely 


when away from his work; that may partly 
explain his relative protection from coronary 
heart disease. 


Smoking and Alcohol 

Our studies fail to establish any relation 
of smoking or alcohol to coronary heart dis- 
ease. Of 553 cases, only 149 or 26.9 per cent 
smoked and 62 or 11.2 per cent took aleohol, 
most of them moderately. 


Discussion 
Published reports on coronary heart disease 
om India are few.® ®: * 16 Their observations 
i the relationship of age, sex, and body build 
its frequency are similar. Its high incidence 
upper class and urban population has been 
ported. The conclusion drawn by Malhotra® 
at vegetarians were no less predisposed to 
ronary heart disease than nonvegetarians 
s not much significance. Environmental 
ctors with special reference to socioeconomic 
atus and their relationship to the dietary 
ttern and blood lipids in cases of coronary 
art disease as against the normal population 
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Table 3 
Dietary Factors in Different Socioeconomic Groups 
of General Population and Cases of Coronary 
Heart Disease 








Daily Percentage 
fat intake calories Percentage 
(Gm.) from fats saturated fat 





Coronary heart 

disease 69.1429.1 29.1% 4.2 82.84 9.6 
High-socio- 

economic group 77.1+25.8 A 4 86 
Middle-socio- 

economic group 60.8+22.8 
Low-socio- 

economie group 

Industrial 

Manual 


Agricultural 


15.1413.8 52.1+16.0 
16.94 4.9 49.0+#14.3 


22.44% 5.7 59.6424.3 





are being presented from India for the first 
time. 

A recent development in India has been 
the field studies of general population such as 
the one reported here. The only other parallel 
study is being conducted by Padmavati et 
al.!7 at Delhi. She reported an incidence of 4 
per cent in the high-socioeconomic group in 
contrast to 0.5 per cent in the rural popula- 
tion of Nazafgarh, and 0.17 per cent in the 
industrial workers. The corresponding inci- 
dence in the high-socioeconomic group in the 
present series was 4.1 per cent in the survey 
of the general population. 

It seems clear from the studies on patients 
and the general population that coronary 
heart disease has a predilection for the privi- 
leged class of society in great contradistine- 
tion to individuals of low-socioeconomic 
group, who enjoy relative immunity from this 
disease. How these socioeconomic factors op- 
erate has been a baffling question in the highly 
complicated problem of coronary heart dis- 
ease. 

The answer to the relationship of diet to 
coronary heart disease has been sought in 
epidemiologic surveys, clinical studies, and 
metabolic ward experiments. The highest in- 
cidence of coronary heart disease has been 
observed in members of the high-socioeconomic 
group, who consume the highest amount of 
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Table 4 
Mean Lipid Values in Cases of Coronary Heart 
Disease and Normal Controls 








Coronary 


Serum lipids heart disease 


Normal 
Total serum 
cholesterol (mg. %) 


218+52.4 182.6+38.2 
(114-350) (96-275) 
9.46+1.92 8.44+2.49 

(5.3-14) (5-11) 
24,143.21 21.7+2.18 
(19.8-29.4) (17-27.2) 


Serum lipid 
phosphorus (mg. %) 
C/P ratio 


dietary fat, the highest percentage of fat cal- 
ories and saturated fat. But on subgrouping 
of each socioeconomic group on the basis of 
dietary fat intake, it was observed that the 
serum lipid level did not show a correspond- 
ing rise with the rise in dietary fat consump- 
tion.18 

Although the total quantity of fat, percent- 
age of calories contributed by fat, and 
percentage of saturated fat may have an im- 
portant relationship with coronary heart 
disease, other factors like total caloric intake, 
relative rate of caloric expenditure, physical 
activity, emotional status, and hormonal in- 
fluences cannot be easily isolated from the 
problem of excessive fat intake. Consequently 
the epidemiologic studies do not give a con- 
vincing answer to the relationship of dietary 
fat and coronary heart disease. 

In India the dietary habits of people have 
not changed significantly during the last 
decade or two, but with the advance of mod- 
ernization, industrialization, and urbaniza- 
tion, physical labor has been curtailed con- 
siderably, and people are exposed to greater 
stress and strain. These may be important 
factors in the increasing incidence of coronary 
heart disease. 

Summary 

Various factors relating to coronary heart 
disease were investigated in 2 groups of pa- 
tients: 553 patients with clinical coronary 
heart disease and 1,056 persons selected in a 
field survey of the general population. 

The incidence of coronary disease was high 
in the urban population, in the upper socio- 
economic classes, and in persons with highest 
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amounts of total dietary fat and highest per- 
centage of calories from dietary fat. Total 
serum cholesterol, serum phospholipid, and 
cholesterol/phospholipid ratio were higher in 
the coronary group. 

Finally, it seemed that physical activity 
was less and emotional stress and _ strain 
greater in the patients with coronary disease. 

No relation between coronary disease and 
smoking or alcohol was established. 


Summario in Interlingua 


Varie factores relationate a morbo cardiac coronari 
esseva investigate in 2 gruppos de _ patientes. 
Le prime consisteva de 553 patientes con clinicamente 
manifeste morbo cardiac coronari, le secunde con- 
sisteva de 1.056 subjectos seligite in un investigation 
profilatori del population general. 

Le incidentia de morbo coronari esseva alte in le 
population urban, in le classes socio-economicament¢ 
superior, e in gruppos de subjectos con le plus alte 
totales de grassia dietari e le plus alte procentages 
de calorias ab grassia deitari. Le valores pro choles- 
terol total del sero, pro phospholipido seral, e pro k 
proportion de cholesterol a phospholipido esseva plus 
alte in le gruppo coronari. 

Finalmente, il pareva que le activate physic esseva 
inferior e que le stress emotional esseva superior in le 
patientes con morbo coronari. 

Nulle relation esseva constatate inter morbo coro 
nari e le uso de taboco e de alcohol. 


References 


Wuirtr, P. D., aNnp Jones, T.: Heart disease 
and disorders in New England. Am. Heart J. 
3: 302, 1928. 

Wuirr, P. D.: Heart Disease. Ed. 4. New York, 
The Maemillan Company, 1951. 

Matuur, K. §.: Coronary artery occlusion. 
Indian J. M. Se. 13: 7, 1959. 

Sangivi, K. S.: Heart Disease in South India. 
Proceedings of the Annual Conference of As 
sociation of Physicians of India, 1946. 

VaxiL, R. J.: An aetiological study of heart 
disease in Bombay. Indian J. M. Se. 2: 465 
1948. 

SaMaAnI, O. T.: Coronary heart disease in lo 
income population in India. Indian Heart J 
8: 104, 1956. 

PapMAvaTl, S.: A five year survey of hear 
disease in Delhi. Indian Heart J. 10: 3: 
1958. 

. VaxiL, R. J.: Statistical observations on case 
of coronary thrombosis. The Indian Phys 
cian 2: 331, 1952. 


Circulation, Volume XXI, May 196 





ENVIRONMENT AND CORONARY DISEASE 689 


9. MatHoTra, R. P., anp ParHanta, N. S.: Some dia). J. Indian M. A. In press. 
aetiological aspects of coronary heart disease. . Matuour, K. S., Want, P. N., AND MALHOTRA, 
Brit. M. J. 2: 528, 1958. K. K.: Effect of Indian dietary fat on blood 

0. GorDoN, T.: Mortality experience among the coagulability and serum lipids in normals and 
Japanese in the United States, Hawaii and in eases of myocardial infarction. Indian 
Japan. Pub. Health Rep. 72: 543, 1957. J. M. Research. In press. 

1. Maruor, K. 8.: The problem of heart disease in 5. —, Ma.LHortra, K. K., anp SHARMA, R. D.: Serum 
India. Am. J. Cardiology. In press. lipids in coronary heart disease. Indian Heart 

2. —, AND WaHI, P. N.: Study of Environmental J. 12: 28, 1960. 
and nutritional factors affecting the incidence . Wie, K. L., aND MatHorra, R. P.: Coronary 
of atherosclerosis and coronary heart disease. artery disease in the young. Indian Heart J. 
Annual Report of I.C.M.R., 1958. 3: 231, 1951. 

13. —, —, MaLHotra, K. K., SHarma, R. D., AND . Papmavatl, S., Gupta, S., AND PANTULU, G. V. 
Srivastava, 8. K.: Dietary fats, serum choles- A.: Dietary fat, serum cholesterol levels and 
terol and serum lipid phosphorus in different incidence of atherosclerosis and hypertension 
socio-economic groups in Utter Pradesh (In- in Delhi. Indian J. M. Research 46: 245, 1958. 


An Awareness of the History of Medicine 
A physician is inevitably wrapped in the fabric of the history of medicine, for in his 


daily undertakings he comes face to face with the experience of his predecessors who 
effectively pursued the art and the science of both practice and research. The observational 
and constructive methods that he uses in creating a ease through careful history taking 
may bring to his mind, if he is well oriented, the contributions of Plato, Aristotle, Hip- 
pocrates, Galen, Maimonides, Vesalius, Harvey, Leeuwenhoek, Boyle, Pasteur, Virchow, 
Sydenham and many others. 


* * te 


It is a way of building a bridge between the practice of medicine and the humanity of 
science. There are distinguished physicians today who, though preoccupied with immedi- 
ately practical or scientific problems, reap a sense of deep personal satisfaction in follow- 
ing the long course of medical history back through the Renaissance and the Middle Ages 
to Greco-Roman periods of thought and action. . . . The exercise of the intellect in this 
manner will focus his attention on the deductive and inductive methods, the dogmas, the 
tenuous speculations, the working hypotheses and the experiments themselves that led to 
the growth or the retardation of medical history. 

Paul, the apostle, in his first epistle to the Thessalonians uttered the well known thought, 
“Prove all things; hold fast that which is good.” This counsel is particularly applicable 
to those who tend to worship the present and to scorn the past. The present may indeed 
represent the high, immediate mountain view of medicine, but for all that the valleys of 
the past and the’ smaller mountain ranges that confine them are willy-nilly part of the 
present. A mere awareness of Greek, Hebraic, Arabic and Christian traditions as they 
relate to the present will give a physician a sense of pride in his calling and a feeling of 
being nearly complete in his total capabilities as he concerns himself with ethics, scientific 
education or patient-physician relations —Editorial. New England Journal of Medicine 
257: 290, 1957. (Reprinted with permission of the Publishers.) 
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Pathogenesis and Management of Chronic Ulcerations 
of the Extremities 


By SHELDON G. Sueps, M.D., F.R.C.P.(C) 


SIGNIFICANT number of chronic ul- 

cerations of the skin of the extremities 
are due to specific diseases of the blood, the 
small blood vessels, and mesenchymal tissues. 
It is important to differentiate these condi- 
tions from the more common ulcerations sec- 
ondary to venous stasis or major arterial 
insufficiency because the prognosis and treat- 
ment varies with the underlying disorder. 
Because these diseases are often overlooked, 
emphasis will be placed on their diagnosis 
and management. 


Classification 

Chronic skin ulcerations are best categorized 
on a pathogenetic basis. Most ulcerations are 
easily classified in this manner although not 
infrequently more than one pathologie sub- 
strate is found. In the following discussion, 
the mechanisms of ulcer formation will be 
highlighted. 
Major Arterial Insufficiency 

In conditions in which there is diminished 
inflow of blood because of major arterial ob- 
struction there may be inadequate nutrition 
for resting metabolic needs. In the presence 
of severe reduction in blood flow, minimal 
trauma or infection can initiate local tissue 
necrosis and ulceration. Since the effectiveness 
of collateral blood supply will vary with the 
size of the artery and length of the obstruc- 
tions, ischemic ulcers are usually seen in distal 
areas; i.e., toes, heels, fingertips. These ulcers 
are characterized by severe local pain, often 
relieved by dependency. The pain has been 
ascribed both to tissue anoxia and also to irri- 
tation of pain-sensitive nerves. Usually there 
is no systemic disturbance unless there is se- 
vere secondary infection. This complication 
is seen especially in patients with diabetes. 





From the Department of Medicine and Cardiology, 
Manitoba Clinic, Winnipeg, Manitoba, Canada. 


The ulcers themselves may be of any size (fig 
1). The edges are often irregular and the cen 
ter is frequently covered with a tough eschar 
The granulations are pale and boggy. Marke: 
inflammation is uncommon because of th: 
poor blood supply. Complete obstruction o 
major arteries is always present proximal t: 
the ulcerated area. Postural color changes in 
dicating arterial insufficiency are present, an 
there is a delay in venous filling in th 
dependent limb. Diseases characterized by; 
major arterial obstruction include arterio 
sclerosis obliterans, thromboembolism, and 
thromboangiitis obliterans.!:? In addition 
atherosclerosis may involve the small arteriec 
as well as the large ones, since atheromata 
can be seen in arteries as small as 500 to 900 ; 
in diameter.* 

Venous Stasis 

Insufficient deep or superficial veins of any 
origin encourage the pooling and stagnation 
of blood when the involved area is in a de- 
pendent position. Arteriovenous fistulas may 
produce a similar picture. If the fistulas arise 
before the epiphyses close, the limb is larger 
and longer than its mate. Bruits may be heard 
over the involved limb, and it is warmer than 
its opposite. 

Longstanding stasis produces induration 
and fibrosis of the skin and subcutaneous tis- 
sues, which is often associated with brown 
pigmentation. These deposits contain both 
hemosiderin and melanin. The thickened areas 
are less resilient than normal skin, and minor 
degrees of injury produce superficial ulcera- 
tion. These ulcers are usually confined to the 
lower leg (fig. 2). They are ordinarily locate: 
on the lower third of the medial aspect of th 
leg, especially over the medial malleolus. The 
are of irregular shape and variable size. Th: 
ulcers are shallow and often are covered wit 
a dirty exudate. There are no systemic sigrs 


Circulation, Volume XXI, May 19 





HRONIC ULCERS OF EXTREMITIES 


inflammation. Occasionally ulceration oc- 
irs following direct injury to a varix. Ordi- 
rily pain is not severe and it is relieved by 
vation and external compression. 


seases Of Small Vessels (Arterioles, Capillaries, 
d Venules) 


This is a large and heterogeneous group of 
nditions in which skin ulceration is but one 
unifestation of the disease.*? The largest 
mber belongs to a pathologically similar 
oup with differing clinical manifestations 
it includes livedo reticularis, acrocyanosis, 
ronie pernio, post-cold-injury syndrome and 
vanced Raynaud’s disease. Spontaneous 
iodular lesions and ulcers may occur in the 
tremities in all of these conditions. The ap- 
arance of the early lesion and its subsequent 
‘ourse suggests infarction of the skin and the 
subsequent ulcer has an ischemic appearance. 
Biopsy in all these conditions reveals angiitis 
involving the entire blood vessel wall, necrosis 
of subeutaneous fat, and chronic inflammation 
in subeutaneous tissues with the occasional 
presence of giant cells. Hypertensive ischemic 
ulcers and ulcerations seen in patients with 
rheumatoid arthritis are similar in gross ap- 
pearance to this group, but histologic exam- 
ination of the tissues in hypertensive ischemic 
ulcers reveals chronic hypertensive changes in 
the small arterioles rather than angiitis; and 
in the ulcers seen in rheumatoid patients the 
small arteries demonstrate concentric thicken- 
ing of the intima and secondary thrombosis 
with some inflammatory cells in the wall, but 
fibrinoid necrosis is absent.* Histologic lesions 
choraecteristic of the rheumatoid nodule have 
also been deseribed.® 
‘he typical early lesion consists of a pink 
rythematous plaque in the skin about the 
of a dime, which changes to a dusky blue 
yurpurie color in the course of a week or 
lays. A hemorrhagic blister may develop 
his time. The necrotic area sloughs out 
ing a superficial ulcer. The ulcer often has 
otie eschar remaining in the center sur- 
ided by very poor granulation tissue. It is 
usitely sensitive and extremely painful. 
gstanding ulcers are surrounded by brown 
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Figure 1 
Typical ischemic ulcerations on the skin. The 
smaller one shows evidence of healing. 


pigmentation due to the deposition of both 
hemosiderin and melanin. 

Livedo reticularis is characterized by a net- 
work of reddish or cyanotic hue in the skin. 
It occurs in both sexes. It is occasionally asso- 
ciated with sensations of coldness, numbness, 
and aching. A cool environment enhances its 
appearance. Livedo is oceasionally secondary 
to periarteritis nodosa, disseminated lupus 
erythematosus, and a variety of neurologic 
diseases. In the secondary form, the network 
is usually patchy. The idiopathic variety is 
diffuse and symmetrical, involving all extrem- 
ities and, not uncommonly, the trunk as well. 
Ten per cent of these patients develop recur- 
rent ulcerations, usually on the lower leg. 

Acrocyanosis is a condition in which the 
hands and feet are persistently blue and cool, 
especially in a cold environment. The discol- 
oration is diffuse in contrast to the network 
seen in livedo reticularis. In addition, this is 
seen almost exclusively in females. Occasion- 
ally it is associated with an increase in sweat- 
ing and paresthesias. At times, exposure to 
cold may induce edema and tenderness. Never- 
theless, blanching, trophic changes, and gan- 
grene are never seen. Local trauma may pro- 
duce an ulceration but this always heals. 
Acrocyanosis is occasionally seen secondary to 
pulmonary osteoarthropathy. 

Chronic pernio or chilblains is usually seen 
in women in the fourth and fifth decades. It 
occurs where exposure to cold temperatures 





Figure 2 


Typical superficial ulceration due to venous stasis 
in an area of pigmentation just above the medial 
malleolus. 


occurs at some time during the year. These 
women often suffer from lipedema as well. 
The lesions appear in crops in a fairly char- 
acteristic cycle; i.e., the uleers develop over 
a period of 2 or 3 weeks and then heal over a 
similar period of time, resolving into a pig- 
mented and often depressed sear (fig. 3). They 
occur in the fall and winter at first, and some- 
times even cool summer days can induce a crop 
of ulcerations. These ulcers are always pain- 
ful and occur about the ankles. After a num- 
ber of years the skin becomes indurated, the 
ulcers become indolent, and the seasonal ele- 
ment is lost. It is important to prevent the 
development of the chronic phase, which is 
very difficult to manage. 

Chronic pernio must be differentiated from 
3 other.nodular lesions that occasionally pro- 
duce ulcerations. Erythema induratum occurs 
in symmetrical crops, especially on the calves. 
It may be seasonal like chronic pernio. The 
early lesions are more nodular and indurated 
than in pernio. It is always associated with 
tuberculosis elsewhere in the body, and histo- 
logic examination of the area reveals tubercle 
formation and caseation. These ulcerations 
heal with a depigmented sear, which may be 
surrounded by a ring of hyperpigmentation. 
Nodular vasculitis (nontuberculous erythema 
induratum) occurs in similar areas. It also 
affects women in their thirties and forties. 
However, the lesions are more active and nod- 
ular than either erythema induratum or 
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chronic pernio and very rarely produce ulcer 
ation. There is no relationship to environmen 
tal temperature. The lesions appear eithe 
singly or as crops of nodules, which may per 
sist for several months. Histologic examin: 
tion of lesions in this condition reveals a ver 
active vasculitis. Erythema nodosum is a 
acute systemic process which often occurs i 
the spring and fall and lasts from 2 to 
weeks. It is characterized by the bilateral a; 
pearance of pea-sized nodules, usually alon 
the anterior tibial border. These very rare!| 
uleerate. 

Hypertensive ischemic ulcerations hav» 
been recognized for only some 20 years. Th 
usually occur in women,in the sixth and sev- 
enth decades who have a history of longstanc - 
ing moderate or severe hypertension. These 
patients may be normotensive following a my- 
ocardial infarction or cerebrovascular acci- 
dent, for example, but funduscopie examina- 
tion reveals hypertensive changes in the 
arterioles. The ulcerations always occur in the 
leg and usually posterolaterally on the calf, 
especially about the lateral malleolus (fig. 4). 
Often they are solitary, but occasionally may 
be multiple. Their size varies from 1 to 15 em. 
in diameter. They occur spontaneously but 
may be secondary to injury. They tend to ex- 
tend by purpuric infarction of the skin bor- 
dering the ulcer. Characteristically they are 
extremely painful and often require pro- 
longed administration of narcotics for alle- 
viation of pain. These ulcers often take many 
weeks or months to heal spontaneously. Re- 
cently, rheumatoid arthritis was reported as- 
sociated with similar stubborn ulcerations.* ° 
These conditions should be considered in all 
patients with ischemic ulceration. 

Trench foot, immersion foot, and their mo 
severe counterpart frostbite, may be follov 
by a chronic vasospastic disorder. In more 
vere cases, coldness, pain, stiffness, and ot! < 
paresthesias of the involved extremities p°r 
sist. These limbs are cold and cyanotic e\ 
in a warm environment. Raynaud’s pheno 
non may also occur. There is other evide 
of vasomotor instability in the form of hyp r- 
hydrosis. Sensitivity to cold is promin: 
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casionally this vasospastic ischemic phase is 

sociated with localized areas of gangrene. 

ese are always superficial and when the 

‘rotic tissue sloughs away, there is healthy 

sue underneath. 

Raynaud’s phenomenon may be defined as 

sodie constrictions of the small arteries or 

erioles of the skin of the fingers and toes 
| occasionally ears, nose, and lips, resulting 
intermittent changes in the color of the skin 
these areas. When the occlusion is com- 
) ete, pallor results ; when it is incomplete, the 
s;:n becomes cyanotic. The episodes of con- 
iction are followed by reactive hyperemia 
hat produces a red color (rubor). Each phase 
asts a few seconds to a few minutes. Individ- 
als differ as to whether they experience pal- 
or cyanosis alone or consecutively. In 
addition, the reactive hyperemia is also in- 
constant; but when it does occur, it always 
follows an episode of vasospasm. When Ray- 
naud’s phenomenon is ‘‘primary”’ it is called 
Raynaud’s disease. This usually occurs in 
women and involves the fingers of both hands 
with few exceptions. The majority of patients 
are under 40 years of age at the time of onset. 
Exposure to cold is the usual stimulus for pre- 
cipitating Raynaud’s phenomenon but emo- 
tional stress occasionally may serve as a trig- 
ger. Some 30 per cent eventually develop 
trophie changes, sclerodactylia, and calcinosis 
of the fingertips. These may appear separately 
or together. The trophic changes occur in the 
tips of the digits, about the nails and in the 
web spaces. These changes include chronic fis- 
sures, superficial infarcts, ulcers, and chronic 
paronychia. The gangrenous areas are always 
minimal and rarely lead to amputation. If 
they do, the operation is always minor, involv- 
in: no more than 1 or 2 phalanges. 

‘aynaud’s phenomenon may be secondary 
to a variety of disorders.® The following con- 
di ons must be excluded before a diagnosis of 

mary Raynaud’s disease can be made: arte- 

occlusive disease, neurogenic disease, 
iatologic disorders, ‘‘collagen’’ diseases, 

‘titive trauma to the hands, and intoxica- 

with ergot or heavy metals. All these 
litions may be complicated by trophic 
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Figure 3 
Classical chronic pernio demonstrating scars from 
healed lesions and a crop of fresh ulcerations. (Re- 
produced by courtesy of the Vascular Section, 
Mayo Clinic, Rochester, Minn.) 


changes and ulceration, ete., just as in Ray- 
naud’s disease. However, treatment of the 
secondary variety is less effective than in the 
group with primary Raynaud’s disease. 
Ulceration Seen in Various Blood Dyscrasias 

In the hemoglobinopathies, chronic ulcers 
may be found as part of the clinical picture.‘ 
These conditions include sickle-cell disease, 
Cooley’s anemia, and hereditary spherocytic 
anemia. The ulcerations usually appear in the 
third decade of life and are associated with a 
chronic anemia. They may be more common 
in women. The ulcers are recurrent and indo- 
lent, but relatively painless. They are often 
localized about the ankle and foot. They may 
occur in an area of brown pigmentation. The 
mechanism of ulcer formation has been as- 
eribed to stasis combined with hypoxia. 

In the myelo-proliferative disorders, skin 
infarction may occur because of a hypercoag- 
ulable state with or without an increase in the 
number of platelets. It also may be associated 
with disease of the small arteries and arteri- 
oles.® 

Diseases of the blood associated with sec- 
ondary Raynaud’s phenomenon may also be 
included in this group of disorders; i.e., pa- 
roxysmal hemoglobinurias; a high titer of cold 
hemagglutinins or cryoglobulins. 


Neurotropic Ulcers 
When pain sensation is reduced or absent, 
minor injury is often overlooked and may lead 





Figure 4 
Typical hypertensive ischemic ulcerations proximal 
and posterior to the lateral malleolus. 


to infection and ulceration. These injuries 
usually occur at the sites of pressure and often 
under calluses. These ulcers appear punched 
out and, of course, are relatively painless. 
Such uleers are seen in tabes, whether of 
syphilitic or diabetic origin, spina bifida, 
syringomyelia, and other diseases of the cen- 
tral and peripheral nervous system, and lep- 
rosy. Diabetes mellitus is in a special category 
because a neuropathy or myelopathy may be 
associated with rather severe arterial and 
arteriolar occlusive disease. Many already 
have lost neurogenic control of blood vessels 
(autosympathectomy ). 
Specific Skin Ulcers 

This group includes the specific infections 
of the skin that are associated with chronic 
ulcers; e.g., blastomycosis, a variety of trop- 
ical sores, syphilitic granuloma,’ ete. Malig- 
nancies of the skin may also be included in 
this group; e.g., basal-cell carcinoma, epithe- 
lioma, mycosis fungoides. 
Factitial Ulcers 

The use of certain ointments and solutions, 
whether applied by the patient or his physi- 
cian, often impairs healing of wounds. Many 
contain irritants such as iodine, merthiolate, 
and phenol, which can injure delicate granu- 
lation tissue and ischemic skin. In addition, 
scratching and continued mechanical trauma 
may play a part in maintaining chronicity. 
Decubitus ulcers may also be included in this 
group. 
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Principles in the Treatment of Chronic Ulcers 
Cleansing and Debridement of the Ulcerated Ares 
This is a most important phase of treatment 

Bed rest with intermittent soaking of the ul 

cerated area with warm sterile solutions ; (e.g. 
saturated solution of boric acid (4 per cent) 

0.5 per cent aluminum subacetate, or saline) 

and complete change of the dressing 4 or [ 
times a day to remove the loosened debris, wil 

nearly always sueceed in cleaning up an in 
fected necrotic area. Difficult eschars may b 
attacked medically by enzymatic debridement 

i.e., dressings of a solution or a water-miscibl: 
jelly containing streptokinase and streptodor 

nase (Varidase).? In the absence of majo 

arterial disease, local surgical debridemen 

may be carried out. Other local salves and s 

lutions usually produce maceration, which in 
creases the size of the ulcer and delays heal 
ing. Furthermore, this increase in necroti 

tissue decreases absorption of the ‘‘ therapeu 
tic’? agent and therefore these ointments are 
usually ineffective.*: 1% 1 


Promotion of Healing 


1. Infection is combated by the systemic 
use of appropriate antibiotics after culture 
and sensitivity studies have been carried out 
on material taken from the ulcer. Antibiotics 
administered systemically reach the infected 
area of the most ischemic ulcers.'* Thus the 
local reactions of topically applied antibiotics 
are avoided. 

2. Local blood flow should be enhanced. 
This is facilitated by the use of vasodilating 
agents such as dibenzylene, ganglion-blocking 
drugs, aleohol, warm environment, ete. Re- 
gional sympathetic denervation (by surgery 
or injection of absolute alcohol) increases the 
blood supply to the skin, and is of value in 
certain situations ; e.g., livedo reticularis, co'd 
injury, chronic pernio. In this regard it is im 
portant to remember that many diabetic pa 
tients develop a myelo-neuropathy that oft: : 
involves the sympathetic nervous system. T’\ 
peripheral vascular beds may already be ¢> 
nervated. Therefore, before undertaking re 
gional sympathetic denervation in diabetic 
patients, appropriate tests must be carried 0 it 
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lemonstrate intact sympathetic fibers; e.g., 
:n temperature studies and sweat tests. Be- 
se of its vasoconstrictive effects, tobacco in 
- form is contraindicated.* Restoration of 
jor arterial continuity is carried out where 
sible, both technically and in relation to 
general condition of the patient. 
Vhen stasis and edema are prominent,.ele- 
ion of the part involved enhances healing. 
the other hand when there is major vas- 
ir occlusion, blood flow may be enhanced 
a dependent position. Continuous mainte- 
ice of a dependent position tends to induce 
ma, so that in the instance of major vas- 
ir occlusions, the use of an oscillating bed 
a period of 8 hours a day is very helpful.” 
. When the ulcers are clean and the granu- 
lation tissue is healthy, the application of dry, 
powdered blood cells may hasten healing. This 
forms a erust which is removed every 2 or 3 
days by soaking with boric acid solutions as 
outlined earlier. For large ulcers, excision and 
skin grafting or skin grafting without excision 
reduces the period of disability.'” 
Treatment of the Underlying Condition 
In the discussion of the pathogenesis of the 
various uleers, the primary disease state has 
been defined. Management of this should pro- 
ceed coineident with local therapy of the 
uleer.4716 Prevention of further ulceration 
lies in the protection of involved areas from 
chemieal, thermal, and mechanical injuries. 
In a few conditions, regional sympathetic de- 
nervation is of value in ulcer prophylaxis; e.g., 
chronie pernio, secondary acrocyanosis. 


Treatment of Specific Ulcerations 

Major Arterial Insufficiency 

‘he management of these ulcerations in- 
cludes protection from further chemical, ther- 
ma', and mechanical injury; local cleansing 
anc debridement, systemic antibiotics to eradi- 
cat» local infection ; and enhancement of local 
blood supply by regional sympathetic dener- 
vai on, vasodilator agents, and maintenance 
of \ warm environment.” The use of a periph- 
era nerve crush or section often relieves much 
of he pain and allows more complete debride- 
me t—the site of incision must have a blood 
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supply adequate for healing. The application 
of arterial bypass grafting where feasible has 
increased greatly the salvage of ischemic ex- 
tremities. 


Venous Stasis 


With bed rest and elevation to reduce the 
edema, and the application of warm, moist 
dressings of 4 per cent borie acid or 0.5 per 
cent aluminum subacetate to clean the ulcers, 
healing takes place quite rapidly. Protection 
of the healed area with foam-rubber pads and 
prevention of edema by the addition of elastic 
supports to the leg are quite adequate to pre- 
vent further ulceration in many patients. 
When there is obvious insufficiency of veins 
draining into areas of ulceration, appropriate 
stripping of such veins and others similarly 
involved, with or without excision and graft- 
ing of the ulcerated areas, may be carried out 
with excellent results. The smaller ulcers are 
managed from the office, but hospitalization 
substantially reduces the period of morbidity 
in the remainder. 


Diseases of Small Blood Vessels 

The ulcers in this group usually respond to 
bed rest and local cleansing solutions. Vaso- 
dilator drugs, fever therapy, and ganglion- 
blocking agents may be administered in an 
attempt to hasten healing. They do not re- 
spond well to the application of any ointments 
or salves. Regional sympathetic denervation is 
rarely necessary. Amputation is very rarely 
required. In chronic pernio and_ post-cold- 
injury syndrome regional sympathetic dener- 
vation increases the tolerance to cold. 

The treatment in the complicated phase of 
Raynaud’s disease is much the same as that 
in the other diseases described in this section. 
An ointment containing 2 per cent glycerol 
trinitrate has been used for some time in the 
management of vasospastic phenomena in 
Raynaud’s disease with questionable success. 
Sympathectomy is usually performed in the 
complicated phase. When adequate follow-up 
is earried out (10 years or more), it is bene- 
ficial in only half the cases operated upon.® 
Restriction of tobacco does not appear to in- 
fluence the morbidity.® 
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Treatment of hypertensive ischemic ulcera- 
tions is quite protracted. When the ulcerations 
become clean and the granulation tissue looks 
healthy, excision and skin grafting is helpful 
in closing over the defects and lessening the 
morbidity. Occasionally regional sympathetic 
denervation will hasten healing. The hyper- 
tension should be treated at the same time. 
Ulcers Associated with Blood Dyscrasias 

The management of the ulcerations seen in 
the hemoglobinopathies is similar to that of 
venous stasis. Skin infarcts that ulcerate are 
treated in a similar fashion to hypertensive 
ischemic ulcerations. The underlying blood 
disorder should be attended to at the same 
time, if possible. 


Neurotropic Ulcers 


When there is no associated vascular dis- 
ease, these ulcers usually heal following relief 
of pressure and debridement. Diabetic pa- 
tients with associated arterial disease do not 
respond well to local treatment and often re- 
quire some degree of amputation. 


Summary 

It can be seen that the variety of chronic 
ulcerations of the skin of the extremities is 
legion. Attention to the underlying disease 
process is of paramount importance because 
of the difference in definitive treatment and 
prognosis. Appropriate simple medical meas- 
ures as outlined above often suffice in the local 
treatment of these ulcerations. Regional sym- 
pathetic denervation has a definite but rela- 
tively minor role in the management of these 
disorders. The widespread, indiscriminate use 
of a host of salves, ointments, and other po- 
tions is to be condemned. 


Summario in Interlingua 


Es apparente que le varietates del ulcerationes 
chronic del pelle in le extremitates es numerosissime. 
Tl es del plus grande importantia que attention es 
prestate al subjacente processo pathologie a causa del 
differentias in le tractamento definitive e etiam in 
le prognose. Appropriate simple mesuras medical del 
character delineate in iste reporto suffice frequente- 
mente pro le tractamento local de iste ulcerationes. 
Disnervation sympathic regional ha un definite sed 
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relativemente minor rolo in le tractamento de ist 
disordines. Le extense non-diseriminante uso de wu: 
vaste serie de emplastros, unguentos, e altere prep: 
ratos debe esser condemnate. 
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Cerebral Hemodynamic and Metabolic Studies in Patients 
with Congestive Heart Failure 


I. Observations in Lucid Subjects 


By Wiis SENSENBACH, M.D., LEoNarD Mapison, M.D., AND 
SEyMouR EISENBERG, M.D. 


) |] EASUREMENTS of cerebral blood flow 
i and metabolism in subjects with con- 
gestive heart failure have yielded conflicting 
results.13 Scheinberg! compared the values in 
14 persons with congestive heart failure of 
unstated severity with those in normal young 
men and concluded that cerebral blood flow 
was significantly decreased in subjects with 
cardiac decompensation. Novak and co-work- 
ers,2 on the other hand, compared their find- 
ings in 15 decompensated cardiac patients 
with the values in a ‘‘similar arteriosclerotic 
group’’ and concluded that the cerebral cireu- 
lation was not affected by the congestive state. 
In 20 hypertensive individuals with conges- 
tive heart failure Moyer and associates* found 
no significant diminution in cerebral perfu- 
sion, nor was there any significant change 
following treatment ; cerebral blood flow, how- 
ever, was apparently diminished in 6 subjects 
with valvular heart disease and congestive 
failure. In addition, Moyer’s group* reported 

at the administration of aminophylline to 

‘sons with congestive heart failure resulted 

1 a decline in cerebral blood flow. 

n an attempt to resolve the existing con- 

‘usion, the present study was undertaken. The 
esign of the study permits comparison of 

ebral blood flow in 2 types of patients with 
diae decompensation: those with mild 
ms and those with severe congestive fail- 
u'». In addition, many patients were studied 
or to treatment and again after compensa- 
1 had been achieved. This experimental de- 
i 2 was prompted by preliminary observa- 
‘rom the Medical Service, Veterans Administration 
pital, Dallas, Texas, and the Department of In- 


al Medicine, The University of Texas Southwest- 
Medical School, Dallas, Tex. 
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tions suggesting that alterations in cerebral 
hemodynamics and metabolism were largely 
contingent upon the severity of the congestive 
state. 


Materials and Methods 


Thirty-seven men with congestive heart failure 
were studied. In every instance the diagnosis of 
congestive heart failure was established by the 
classical clinical configuration of breathlessness, 
edema, cardiomegaly, hepatomegaly, and venous 
distention. Persons with significant pulmonary 
disease, primary renal disease, anemia, or obvious 
cerebral arteriosclerosis were excluded from the 
study. The patients were studied in the recumbent 
posture, although the presence of orthopnea oc- 
casionally necessitated slight elevation of the head. 
In 14 subjects measurements were again made 
after compensation had been achieved. Therapy 
included digitalis, sodium restriction, and diuretic 
measures when necessary. 2 

The patients have been classified according to 
the severity of the congestive state. For the majority 
of the subjects with mild to moderate failure this 
represented the first episode of cardiac decompen- 
sation. Edema was present in all patients, but the 
amount in these patients was modest in contrast to 
the massive anasarea of most severe cardiac pa- 
tients. Only minimal cardiac enlargement was 
present in most of these patients and heart size 
tended to return to or toward normal following 
therapy. The response to digitalis and sodium 
restriction alone was prompt and gratifying in 
most instances; several of the patients were given 
diuretic agents to hasten the delivery of their 
edema but none required these agents to remain 
edema-free after compensation had been achieved. 
Individuals with severe congestive failure, on the 
other hand, had had repeated episodes of de- 
compensation for a protracted period. The mag- 
nitude of cardiac enlargement was considerably 
greater than in the milder cardiac subjects, and 
the reduction in cardiac size following treatment 
was minimal in most instances. Rigid sodium re- 
striction and frequently administered diuretic 
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agents were necessary to free these patients from 
edema; moreover, once optimum compensation had 
been achieved, all these patients required periodic 
diuretic therapy to remain edema-free. Dyspnea 
on exertion persisted in the majority of these sub- 
jects despite treatment, whereas patients with 
only mild decompensation were essentially symp- 
tom-free with moderate activity once compensation 
had been restored. All of the patients were lucid. 
- Cerebral blood flow was determined by the 
nitrous oxide method of Kety and Schmidt,® as 
modified by Scheinberg and Stead.6 The analytic 
methods employed have been described in a pre- 
vious report.‘ Cerebral oxygen consumption was 
ealeulated from the arterio-cerebral venous oxygen 
difference and cerebral blood flow. Cerebral vas- 
cular resistance was calculated from the cerebral 
blood flow and the mean arterial blood pressure. 
The latter was measured directly from a_pe- 
ripheral artery by a damped mercury manometer. 
Arterial blood samples for pH determination were 
drawn anaerobically and the pH was immediately 
determined at 37 C. by means of a Cambridge 
Research Model pH Meter. Carbon dioxide ten- 
sion was calculated from the nomogram of Singer 
and Hastings.§ 


Results 

The results in patients with congestive 
heart failure of mild to moderate severity are 
presented in tables 1 and 2 and those in per- 
sons with severe failure in tables 3 and 4. 
The 14 subjects who were studied prior to 
treatment and after optimal compensation was 
achieved are appropriately indicated. In table 
1 are presented normal values for cerebral 
hemodynamic and metabolic functions in 
elderly subjects; these are mean values from 
the laboratories of the indicated investigators. 
The mean age in most of these studies was 
considerably greater than that of the subjects 
comprising the present report; therefore, the 
results in the present study have not been 
compared statistically with these ‘‘normal 
values.”’ 

Cerebral blood flow was significantly de- 
creased (39 ml. per minute per 100 Gm.) in 
persons with severe congestive heart failure 
but was ‘‘normal’’ (51 ml. per minute per 100 
Gm.) in the group with mild to moderate de- 
compensation. The mean arterial blood pres- 
sure was 21 mm. greater (p<.05) in the group 
with mild to moderate failure. The cerebral 
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oxygen consumption was 3.8 ml. per minute 
per 100 Gm. in the milder cardiae subjects as 
compared with 3.24 ml. in the group with se 
vere decompensation. Although this difference: 
was statistically significant, (p<.02) both val 
ues were ‘‘normal’’ or slightly increased foi 
people in this age group.®” 

In 10 persons with mild to moderate cardia 
decompensation, relief of the congestive stat: 
was associated with a significant (p<.01) de 
cline in cerebral blood flow. Mean arteria! 
blood pressure also decreased significantly 
(p<.02) ; cerebral vascular resistance, on the 
other hand, remained unchanged. Cerebral 
oxygen consumption decreased slightly, but 
this change was not significant. In addition, 
arterial oxygen content increased significantly 
(p<.01) following treatment as did venous 
earbon dioxide content. Only 4 patients with 
severe congestive heart failure were studied 
following treatment ; significant hemodynamic 
alterations were not apparent from this 
meager sample. 

Discussion 

The results of this study clearly demon 
strate that congestive heart failure is asso 
ciated with significant cerebral hemodynamic: 
alterations. The earliest.and most consistent 
abnormality in these patients was a significant 
increase in cerebral vascular resistance. Cere 
bral blood flow, on the other hand, was ap 
parently maintained at normal levels in the 
face of this increased resistance until severe 
congestive failure supervened, whereupon 
cerebral blood flow decreased significantly 
This reduction in blood flow with worsening 
decompensation was not accompanied by fur 
ther increments in vascular resistance but was 
associated with a significantly lower mea 
arterial blood pressure. 

Cerebral vascular tone is largely governe 
by changes in the gaseous composition or acid 
base equilibrium of arterial blood. As cerebra 
vasoconstriction occurred in these individual 
in the absence of such changes, it seems like] 
that the increase in resistance in these vesse 
was the result of hemodynamic alteration 
secondary to the supervention of myocardi: 
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Table 1 
rebral Circulatory and Metabolic Functions in Patients with Mild to Moderate Con- 
stive Heart Failure 








CVR 
CBF MABP ml./min./100 Gm. CMRO, CMR Glue. F 
Name Age Diagnosis ml./min./100 Gm. mm. Hg 100 Gm. ml./min./100 Gm. mg./min./100 Gm. 


zekas” *” 80 Normal 47.7 94 2.1 
zekas” 68 HVD 48.7 150 3.2 
heinberg™ 63 Normal 50.6 2.03 
enken™ j Normal 46 2.1 
Decomp. Comp. Decomp. Comp. Decomp. Comp. Decomp. Comp. Decomp. Comp. 
MI 49 94 1.92 4.40 4.41 
MI 56 119 2.13 3.66 4.48 
AI 48 ‘ 106 ¢ 2.21 8: 5.22 
ASHD 56 i 106 1.89 3.91 
ASHD 5E é 81 5 1.47 3.80 
HCVD j : 120 95 2.60 4.10 
HCVD y 3 157 22 3.41 2.86 
ASHD 
HCVD, 
ASHD : 150 
ASHD é é 92 
HCVD 139 
HCVD é 169 
HCVD, 
ASHD : 148 
HCVD 123 
HCVD g 133 
A, HCVD ¢ ; 136 
J.C, ‘ HCVD 91 
HG, ASHD : 89 
A.R.MeC, é ASHD 
C.M.D. AI 136 3.09 3.30 
M.C. AS 70 64 0.91 3.14 
L.A 53 HCVD 36 153 4.25 3.46 
DP. 35 HCVD 39 173 4.40 3.98 
H.0. 51 ASHD 60 64 81 80 1.35 1.25 3.01 4.14 


1 
sN 


ao or 
So 
o 


3.20 
3.32 
4.03 
3.78 
2.83 
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— 
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Mean 58 51 43 121 100 2.49 2.44 3.80 3.43 4.51 

2.40 2.90 6.61 7.14 0.194 0.220 0.1385 0.195 .2988 
Comparison of pretreatment and posttreatment values (10 patients) 
n difference —-8.3 -16 -.121 —.439 

2.526 4.915 193 .256 
<.01 <.01 >.5 >. 

, cerebral blood flow; MABP, meaw arterial blood pressure; CVR, cerebral vascular 

s'stanee; CMRO,, cerebral consumption of oxygen; CMR Glue., cerebral consumption of 


ose. 


CRP 
CB 


comp., decompensated ; Comp., compensated. 

[, aortic insufficiency; AS, aortic stenosis; ASHD, arteriosclerotie heart disease; HCVD, 
‘rtensive cardiovascular disease; HVD, hypertensive vascular disease; MI, mitral insuffi- 
y; MS, mitral stenosis. 


ure. It is conceivable, of course, that ve- caval obstruction, however, is not accompanied 
s hypertension and cerebral congestion by cerebral hemodynamic changes,'* and the 
id have contributed to the total resistance inerease in venous pressure under such eir- 
lood flow in the brain. The intense cere- cumstances is much greater than that encoun- 

edema associated with superior vena tered in subjects with congestive heart failure. 
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Table 2 
Blood Constituents in Patients with Mild to Moderate Congestive Heart Failure 











Arterio-cerebral 
venous O2 
diff., vol. % 
Decomp. Comp. 


Arterial O2 
content vol. % 
Decomp. Comp. 


O.B. 18.01 8.97 
J.C. 16.90 6.53 
B.W. 16.65 17.97 10.88 
J.C. 15.35 17.44 6.98 
aaa. 14.63 16.40 6.94 
F.G. 20.21 20.51 8.90 
G.P.D. 19.46 19.40 6.22 
H.T. 16.91 

R.H. 21.00 21.19 11.13 
W.W.I. 17.77 20.17 8.03 
J.C.B. 19.39 6.52 
Acs. 16.67 17.39 6.71 
A.E.N. 15.83 6.12 
W.B. 15.28 7.27 
A.R. 18.67 6.63 
L.C. 19.36 cs 8.22 
J.C. 16.65 8.58 
H.G. 14.93 7.46 
A.R.McC. 

C.M.D. 16.67 7.49 
M.C. 15.79 4.48 
L.C. 15.71 9.62 
D.P. 19.95 10.20 
H.O. 15.21 18.52 5.02 6.47 


Mean 17.27 188 7.68 8.13 
S.E. 0.413 0.558 0.373 


Arterial CO2 
content, vol. % 


Arterial pH 
Decomp. Comp. 


Decomp. Comp. 
43.13 7.44 36 
46.20 7.41 38 
32.93 42.81 7.38 E 30 
48.59 55.26 7.35 45 
47.70 55.93 33 
43.80 45.44 7.61 

43.48 37.55 

52.16 

46.98 

46.09 


Arterial pCO: 


Name Decomp. Comp. 





45.95 
46.98 
48.46 
47.28 
48.35 
40.16 7.38 
46.87 7.36 
39.26 2.23 7.46 
35.85 7.42 
45.35 7.47 


50.04 


42.51 7.41 36 
59.37 7.39 53 
42.35 7.48 30 
41.14 7.37 39 
51.05 53.03 7.39 45 


44.85 47.3 7.42 7.40 38.0 
0.436 1.16 1.74 1.50 





Comparison of pretreatment and posttreatment values (10 patients) 
Mean difference 1.52 463 2.83 —.04 
S.E. 386 1.451 .0397 
p <.01 >.4 >.05 >.3 





Therefore, regardless of the degree of cerebral 
congestion, it seems likely that the cerebral 
blood vessels merely participate in the gener- 
alized increase in vascular tone that occurs 
in persons with cardiac decompensation, the 
cause of which remains obscure. 

These data indicate that cerebral blood flow 
decreases with progressive deterioration of 
cardiac efficiency. It is conceivable that differ- 
ences in the etiology of the heart disease in 
the 2 groups was partially responsible for the 
difference in cerebral perfusion, as the mild 
to moderate group included a greater percent- 
age of hypertensive subjects. Moreover, the 
mean difference in cerebral blood flow between 
the 2 groups was obviously affected by isolated 


extreme values. Regardless of these possible 
influences and the overlap in values between 
the 2 groups, the majority of the individual 
observations tended to justify the conclusion 
that the decline in cerebral blood flow pai 
lels the increase in severity of the congestiv 
failure. It is not completely clear why bl 
flow decreases with deterioration. It has bee 
observed that renal’ and hepatic! perfus 
tend to parallel cardiac output in sever 
decompensated cardiac patients; the decre 
in cerebral perfusion with worsening card 
decompensation is in all likelihood simila ‘ly 
linked with a decline in cardiac output. 
significantly lower mean arterial blood p: * 
sure in the group with severe decompensat 
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Table 3 


C. -ebral Circulatory and Metabolic Functions in Patients with Severe Congestive Heart 
F. lure 














CVR 
100 Gm. 
mm. Hg/ml./min. 
Comp. Decomp. Comp. 


3.10 2.79 


CBF MABP 
ml./min./100 Gm. mm. Hg 
Decomp. Comp. Decomp. 


HCVD 42 130 
AS 34 78 2.29 3.40 
AI 40 96 2.40 3.27 
MI, AI 42 81 1.93 3.05 3.36 
MS 31 87 2.81 3.16 4.34 
AI 18 83 4.61 1.58 1.44 
ASHD 39 102 2.62 3.56 ‘ 3.51 
ASHD 38 103 2.71 3.53 22 
MS 69 1.90 3.80 
ASHD 50 47 75 82 1.50 4.70 3.35 4.00 
; ASHD 42 93 2.21 3.23 3.78 
J.F.A. HCVD 62 56 185 181 2.98 3.23 3.19 2.49 4.34 
FM. é ASHD 31 34 112 96 3.61 2.82 2.95 3.57 4.03 


ml./min./100 Gm. 
CMRO, 
Decomp. Comp. 


mg./min./100 Gm. 
CMR Glue. 


Diagnosis Comp. 


Decomp. 


2.94 
3.06 
6.00 





oom -39—«é«‘«aRC(“‘zO!COC*dG 
S] 286 5.0 848 22.99 


2.66 1.22 
0.233 0.318 


3.24 3.11 4.00 

0.191 0.234 4252 
Comparison of pretreatment and posttreatment values (4 patients) 

Mean difference —2.0 -3.0 —.028 —.485 .673 

S.E. 1.87 1.57 0.2545 .1296 .4976 

Pp >.3 ok >.8 


<.05 >.8 


Comparison of values with the results in patients with mild to moderate congestive heart failure 


Mean—mild 51 121 
Mean—severe 39 100 
Difference 12 21 
Pp <.01 <.05 


Abbreviations, see table 1. 


may have reflected a more profoundly de- 
creased cardiac output in these patients ; how- 
ever, this difference in blood pressure was due 
in large part to the greater number of hyper- 
tensive subjects in the group with mild to 
moderate decompensation. 

Achievement of optimal compensation was 
accompanied by a decline in cerebral blood 
flo. in 8 of 15 subjects who were restudied 
following treatment; the values were essen- 
tia! y unchanged in the remaining 7. Although 
the mean decline of 8 ml. per 100 Gm. per 
mi ite was statistically significant, the data 
do \ot clearly establish that relief of the con- 
ges ve state will be associated in most in- 
sta ces with a decline in cerebral perfusion. 
On v in patients with mild to moderate de- 
cor pensation in whom the initial observations 
we’. similar to or somewhat greater than 
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2.49 3.8 4.51 

2.66 3.24 4.00 

0.17 0.56 51 
>.6 <.02 >.3 


‘‘normal’’ was the decrease of significant pro- 
portions. The reason for the decline following 
treatment is obscure. Although changes in 
carbon dioxide content following treatment 
were noted, these were poorly correlated with 
the magnitude of the change in cerebral blood 
flow. It is conceivable that in these subjects 
cerebral blood flow decreased as a result of 
a contraction of the intravascular volume. It 
has been shown in this laboratory'* that se- 
lective expansion of the plasma volume results 
in an increase in cerebral blood flow; more- 
over, it is increased in hypervolemic subjects 
with acute glomerulonephritis and returns to 
normal following recovery.!* Another possi- 
bility is that the therapeutic measures em- 
ployed exerted an effect on the cerebral 
circulation similar to that reported with ami- 
nophylline in decompensated cardiac patients.* 
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Table 4 
Blood Constituents in Patients with Severe Congestive Heart Failure 


Arteriocerebra 
venous O: 
diff., vol. % 

Decomp. Comp. 


Arterial O: 
content vol. % 
Decomp. Comp. 


Arterial CO: 
content, vol. % 
Decomp. Comp. 


Arterial pH 


Arterial pCO: 
Decomp. Comp. 


Decomp. Comp. 


Name 


L.H. 14.84 6.65 
C.J. 17.08 10.01 
L.F. 17.00 8.18 
F.C. 17.06 7.27 
V.is.P. 21.13 10.20 
A.B.M. 16.79 8.80 
J.A. 18.75 A 9.14 
R.C. 16.83 9.30 48.73 
G.H. 19.91 10.50 35.19 
J.D. 13.96 Z 6.69 8.5% 44.31 
W.D. 13.25 7.70 42.58 
J.F.A. 13.33 a 5.15 4.44 60.77 
F.M. 17.71 85 9.50 10.51 45.43 


49.30 
44.44 
45.71 
46.56 
39.40 
41.09 
43.88 


32 
45 
36 


“SNS 


44.69 


50.77 41 7.42 35 
45 
42 #40 48 


43 7.40 37 


58.98 
40.89 


iyanns 


45.18 48.83 
1.267 1.67 3.94 


8.39 7.92 
0.4482 


Mean 16.74 
S.E, 0.668 


~ 
if 


7.41 39 
-0167 i& 


Comparison of pretreatment and posttreatment values (4 patients) 
Mean difference 907 3 235 -.01 
S.E. 1.165 .668 2.345 012 
p >.4 >.6 >.9 >.4 
Comparison of values with the results in patients with mild to moderate congestive heart failure 
Mean—nmnild 


to moderate 17.27 7.68 44.85 7.41 


Mean— 
severe 16.74 45.18 7.42 


Difference De ‘ 0.33 01 
p J 2 pf >.6 


Otherwise, there is no ready explanation for 
these changes following treatment. 

The results in these 37 decompensated ecar- 
diac patients indicate that the status of the 
cerebral circulation in persons with congestive 
heart failure is chiefly dependent upon the se- 
verity of the congestive state. This finding 
may resolve some of the existing confusion 
regarding cerebral hemodynamic alterations 
in patients with cardiac decompensation. 


Conclusions 

Cerebral blood fiow and metabolism were 
normal in patients with mild to moderate con- 
gestive heart failure, although cerebral vas- 
cular resistance was significantly increased. 

Cerebral blood fiow was significantly re- 
duced in persons with severe congestive heart 
failure. 

Relief of the congestive state was associated 


with a decline in cerebral blood flow and mean 
arterial blood pressure in 10 subjects with 
mild to moderate congestive failure. 
Alterations in cerebral blood flow in decom- 
pensated cardiac patients are largely depend- 
ent upon the severity of the congestive state. 


Summario in Interlingua 


Le fluxo de sanguine e le metabolismo cerebral 
esseya normal in patientes con leve 0 moderate grados 
dle congestive disfallimento cardiac, sed le resistentia 
cerebro-vascular esseva significativemente augment 

Le fluxo de sanguine cerebral esseva significat've- 
mente reducite in subjectos con grados sever de «9n- 
gestive disfallimento cardiac. 

Alleviamento del stato congestive esseva assoc 
con un declino del fluxo de sanguine cerebral e 
tension arterial medie in 10 subjectos con lev 
moderate grados de disfallimento cardiac. 

Alterationes in le fluxo del sanguine cerebra 
patientes a cordes discompensate depende gra 
mente del grado de severitate del stato congestiv 
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. . . Notwithstanding the brilliant sunshine emanating from the discovery of ausculta- 
tion by Laennee,—a discovery, which, according to M. Bertin, “has, in a few years, more 
completely illumined the diagnosis of the diseases in question, than all the other modes 
of exploration had done for two centuries”; the great body of the profession still deny 
that the piercing ray has reached its destination, still doubt the utility of auscultation in 
reference to the primary organ of the circulation, still find the ordinary symptoms beset 
with their accustomed difficulties, still complain, in short, that the obscurity which involves 
the diseases of which we speak, is scarcely less profound than ever: and, while conflicting 
opinions are embarrassing the judgment, and undermining the confidence of the patient 
investigator of truth, there is a general outery for an additional mass of well attested 
evidence, which may bring the subject to some kind of a conclusion—J. Hops, M.D. 
Diseases of the Heart and Great Vessels. London, William Kidd, 1832, p. 11. 
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Cerebral Hemodynamic and Metabolic Studies in Patients 
with Congestive Heart Failure 


II. Observations in Confused Subjects 


By Seymour EIsensBerG, M.D., Leonarp Mapison, M.D., anp 
Wituis SENSENBACH, M.D. 


HE SUPERVENTION of mental aberra- 
tions in persons with advanced congestive 
heart failure often heralds the onset of rapid 
deterioration and death. The prognostic im- 
plications of such manifestations were appre- 
ciated more than 50 years ago, but their 
pathogenesis has remained an enigma. It has 
been suggested that edema, ischemia, or 
anoxia of the brain is responsible for these 
symptoms; digitalis, mereurial diuretics, hy- 
pertension, and cerebral arteriosclerosis have 
also been implicated. Previous studies?* of 
cerebral flow and metabolism in persons with 
congestive heart failure have not yielded in- 
formation germane to this problem, as they 
apparently included only lucid patients. 
Moreover, the actual effect of the congestive 
process on cerebral hemodynamics and metab- 
olism, regardless of mental state, has been the 
subject of considerable controversy.?* 
Recently published data from this labora- 
tory indicate that cerebral blood flow is in- 
deed moderately diminished in alert persons 
with severe congestive failure. The present 
study was undertaken to determine whether 
cerebral perfusion and metabolism were fur- 
ther altered in those cardiac subjects with 
severe cerebral symptoms. 


Materials and Methods 
Twenty-four persons with severe, . intractable 
congestive heart failure were studied; this diag- 
nosis was established by the usual clinical criteria 
of breathlessness, cardiac enlargement, venous dis- 
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tention, and hepatomegaly, and was quite evident 
in every instance. In addition, these subjects dis 
played particular features that served to distin 
guish them from the usual decompensated cardia: 
patient. First, mental aberrations were prominen 
in all patients; this varied from simple confusio1 
and somnolence to actual coma. Many of the sub- 
jects were slightly icteric and many displayed mod 
est azotemia; however, at postmortem examination 
little histologic evidence of intrinsic renal or he 
patie disease was encountered. Although dyspnea 
was prominent if the slightest exertion were under 
taken, weakness and fatigability had become the 
dominant symptoms. Twenty-two of the 24 subjects 
died within several weeks following the onset of 
this constellation of clinical manifestations. Care 
was taken to exclude from the study patients with 
evident cerebral arteriosclerosis and individuals 
with preexisting renal, hepatic, or mental disease. 
The possibility of cerebral arteriosclerosis could 
not be completely excluded on clinical grounds, but 
none of the subjects had had previous cerebral in- 
farctions; moreover, significant obliterative disease 
of the cerebral vessels was later excluded in all of 
the subjects on whom a postmortem examination 
was performed. Therapy included the usual regi- 
men of digitalis, sodium restriction, and diuretics 
as required. Electrolyte derangements, particularly 
hyponatremia, were encountered in several of these 
patients. In most instances, however, the mental 
symptoms were present despite a normal serum 
sodium concentration, and when symptomatic hypo- 
natremia was thought to be present, its correctio. 
did not significantly alter the patient’s mente! 
state. 

Cerebral blood flow was measured by the nitrous 
oxide method of Kety and Schmidt® as modified by 
Scheinberg and Stead.?7 The analytic methods er 
ployed were described in a previous communic:- 
tion.8 Mean arterial blood pressure was measure | 
directly from a convenient artery by a damp<1 
mercury manometer. Cerebral vascular resistan ° 
was caleulated from the cerebral blood flow and t 
mean arterial blood pressure and the cerebral m« 
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2 olie rate of oxygen and glucose from the cerebral 
od flow and arteriocerebral venous oxygen and 
e ueose differences. The pH was determined by 
ans of a Cambridge Research Model pH meter, 
a .d the carbon dioxide tension was calculated from 
» monogram of Singer and Hastings.® 
Six patients were studied during both confused 
d lucid intervals. Four subjects had been studied 
ior to the development of mental aberrations, 
d 2 improved to the point of complete lucidity, 
which time they were restudied. 
The results in these confused persons with ter- 
nal congestive heart failure have been compared 
th the findings in lucid patients with “mild to 
iderate” and “severe” congestive heart failure. 
e results of the cerebral hemodynamic and meta- 
lie studies in these lucid individuals were the 
siubjeet of a previous report, and the criteria for 
‘lassifying the congestive state as “mild to mod- 
rate” or “severe” were presented in detail. In 
rief, patients with “mild to moderate” failure 
sponded promptly to digitalis administration and 
‘avely required diuretic measures. Subjects classi- 
fied as “severe” cardiac subjects had more marked 
cardiae enlargement, responded slowly to therapy, 
and usually required intermittent diuretic agents 
to remain edema-free. 


Results 


The results of the hemodynamic and meta- 
bolic studies in the 24 confused cardiac pa- 
tients are presented in tables 1 and 2. Mean 
values for the previously published® studies 
in lucid patients with congestive heart failure 
are ineluded for purposes of comparison; in 
21 of these lucid subjects the congestive state 
was classified as mild to moderate and in 13 
s severe. Six patients were studied during 
‘th lucid and confused periods, and the dif- 
‘renees were analyzed by the method of 
aired observations. 
"he mean cerebral blood flow for the con- 
ed patients was 26 ml. per minute per 100 
1, Which represents a profound reduction 
‘erebral perfusion. This differs significantly 
< .001) from the values obtained in mild to 
lerate (51 ml. per minute per 100 Gm.) 
| severe but lucid (39 ml. per minute per 
}Gm.) subjects with congestive heart failure. 
e cerebral vascular resistance was 3.61 mm. 
per ml. per minute per 100 Gm., which 
| nificantly (p < .01) exceeded the values in 
diae subjects without mental symptoms. 
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The mean arterial blood pressure was 98 mm. 
Hg in the confused patients; this did not dif- 
fer from the mean value in the severe but lucid 
group but was significantly (p < .01) less than 
the mean pressure of the group with mild to 
moderate congestive failure. The arterioven- 
ous oxygen difference was 10.36 volumes per 
cent in the confused patients, which signifi- 
cantly (p <.001) exceeded the values ob- 
tained in lucid cardiacs. The value for cerebral 
oxygen consumption of 2.71 ml. per minute 
per 100 Gm. in the confused subjects was sig- 
nificantly (p <.01) less than that obtained 
in alert individuals with mild to moderate 
failure but did not differ significantly from 
the value in lucid patients with severe con- 
gestive heart failure. The arterial carbon di- 
oxide content was significantly (p <.05) de- 
creased in the confused group as compared 
with the results in alert subjects; there was, 
however, no significant difference in the par- 
tial pressure of carbon dioxide. 

In 6 instances there was an opportunity to 
study the same individuals during alternating 
states of mental confusion and alertness. Dur- 
ing periods of mental confusion significant 
changes were encountered. The cerebral blood 
flow decreased significantly (p < .01), and this 
was associated with an increase in both cere- 
bral vascular resistance (p < .05) and mean 
arterial blood pressure (p < .05). The arterio- 
venous oxygen difference was significantly in- 
creased (p < .001) during the confused inter- 
val, but there was, nevertheless, a significant 
(p < .05) decrease in cerebral oxygen con- 
sumption. Arterial carbon dioxide was signifi- 
cantly (p < .01) decreased during the ‘‘con- 
fused’’ interval. 


Discussion 

The results of this study indicate that the 
blood supply to the brain may be profoundly 
decreased in persons in the terminal stages of 
congestive heart failure. This is commonly 
associated with mental aberrations of varying 
severity, although occasional patients will re- 
main lucid despite this perfusion defect. The 
clinical impression that the supervention of 
mental symptoms in chronic congestive heart 
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Table 1 


Cerebral Circulatory and Metabolic Functions in Confused Subjects with Congestive Heart 


Failure 





CBF 


ml./min./100 Gm. 


Name 


E.R.K. 
F.K.K. 
B.R.B. 
G.D. 
W.D. 
J.D. 
J.A.B. 


Diagnosis 


ASHD 
ASHD 
ASHD 
RHD 

ASHD 
ASHD 


AI, MS, 
AS, MI 


ASHD, AT 
ASHD 
HCVD 
ASHD 
ASHD 
ASHD 
ASHD 

AS, MI 
Myocarditis 
AS, AI, MS 
HCVD 
ASHD 

MS, ATI, AS 
ASHD 


co Li 


33 
24 
29 
23 
25 


28 


W.S.R. 
724i. 
W.E.J. 
R.M. 
J.L. 
G.P.M. 
J.T.W. 
R.C. 
R.C.Z. 
G.B. 
M.W. 
H.H.K. 
B.H.J. 
M.D.R. 


66 
63 


vo 


60 
Mean 60 
S.E. 


0.959 
Comparison of values in 6 persons during 
Mean—lucid 43 
Mean—confused 26 
17 
<.01 


Difference 
p 


CVR 

mm. Hg/ml./min. CMRO2 

100 Gm. ml./min./100 Gm. 
Cc Cc 

2.94 

2.36 

2.63 

2.87 

2.83 

3.12 


MABP 
mm. 


Cc 
87 
145 
78 
66 
105 
116 


CMR gluc. 


Hg mg./min./100 Gr 
Cc L 


L L 


2.64 
6.04 
2.69 
2.87 
4.20 
4.14 


3.63 
2.16 
3.48 
2.53 


92 


2.80 


90 
96 


72 


143 
117 
107 


3.10 
2.59 
3.00 
2.25 
5.85 
4.86 
87 3.22 
89 69 3.30 
83 3.6 é 
116 9¢ 3.65 ; 
81 
129 
108 
84 


56 


3.89 
3.29 


2.52 


81 
128 


2.25 
0.88 
2.82 
2.11 
70 


80 


Ww to Lo 


7 
] 


‘ 


or. GS © 
Saw’ & 


Ww 


jbo tor & to 


3.78 


3.97 


98. 


5.209 


~I 
—_ 


3.18 
207 


om to 


).382 
alternating states of confusion and lucidity (paired observations ) 
92 2.18 3.25 3.97 

106 3.54 3.18 

14 1.36 0.79 

<.05 <.05 >2 


2.72 


0.53 
<.05 


Comparison of values in confused subjects with values in lucid patients with severe congestive heart failure 


Mean—severe 39 100 
26 98 
13 » 


<.001 >.8 


Mean—confused 
Difference 
p 


2.66 
3.61 
0.95 


<.01 


3.24 
2.91 
0.53 


>i 


4.00 
3.18 
82 
>.05 


Comparison of values in confused subjects with the values in lucid patients with mild to moderate congestiv 


Mean—mild to moderate 
Mean—confused 
Difference 

P 


51 
26 
25 


<.001 


*C, confused. 
TL, lueid. 


121 
98 


23 


<.01 


heart failure 
2.49 
3.61 
1.12 
<.001 


3.80 
2.71 
1.09 
<.01 


4.51 
3.18 
1.33 
<.01 


AI, aortie insufficiency; AS, aortic stenosis; ASHD, arteriosclerotic heart disease; HCVD, 


hypertensive cardiovascular disease; 


rheumatic heart disease. 


failure constitutes a poor prognostic 


amply supported by the extremely high mor- 
tality among the patients comprising this 


study. 


MI, mitral insufficiency; MS, mitral stenosis; RHD, 


sign is The clinical manifestations of passive e 
gestion in the patients with mental sympto: 's 
were qualitatively and quantitatively simi! ir 


to those in lucid persons with severe cong: s- 
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Table 2 
lood Constituents in Confused Subjects with Congestive Heart Failure 


Arteriocerebral 
venous O2 
diff., vol. % 

Cc L 


Arterial O2 
content vol. % 
c* L 

17.27 
13.98 
16.54 
16.28 
15.92 
17.90 
19.98 
15.40 
15.51 
17.02 
17.52 
18.00 
15.16 
fj 17.97 
R.C, 16.26 
R.C.Z. 14.82 
G.B. 17.16 
M.W. 15.64 
H.H.K. 16.25 
B.H.J. 14.96 
M.D.R. 16.17 


Mean 16.46 
S.E. 0.30 


8.90 
9.84 
9.08 
12.48 
11.31 
11.14 
13.43 
8.88 
10.51 
9.80 
4.42 
12.83 
7.82 
10.58 
12.06 
10.03 
11.37 
11.31 
10.70 
10.16 
10.94 


10.36 
0.42 


Arterial CO: 
content, vol. % 
Cc L 


Arterial pH Arterial pCO2 
Cc L Cc L 

45.39 
47.76 
45.49 
30.11 
38.70 
46.01 
38.33 
43.25 
46.04 
4.40 
38.54 
46.23 
21.82 
46.28 
33.52 
27.83 
41.19 
49.38 
31.52 
37.25 
41.03 


40.10 
1.63 


7.37 43 
7.40 43 
7.45 37 
7.46 24 
7.43 

7.41 39 
7.44 32 
7.43 35 


7.37 : 42 
7.45 30 
7.43 : 38 
7.35 2 

7.60 ‘ 28 
7.47 25 


7.44 35 
7.42 34 


7.50 30 


7.44 7.38 34 
0146 1.70 


Comparison of values in 6 persons during alternating states of confusion and lucidity (paired observations) 


Mean—lueid 
Mean—econfused 16.54 
Difference 1.40 


Pp >.2 


15.14 7.74 
10.84 
3.10 


<.001 


50.97 7.38 

41.91 7.47 
9.06 .09 

<.01 <.05 


Comparison of values in confused subjects with values in lucid patients with severe congestive heart failure 


an— 
severe 16.74 8.39 
lean— 
confused 16.46 
ference -28 


>.4 


10.36 
1.97 
<.01 


45.18 7.41 39 


40.10 7.44 38 
5.08 03 1 


<.05 pe >.8 


‘omparison of values in confused subjects with the values in lucid patients with mild to moderate congestive 
heart failure 


in—mild 

) moderate 17.27 
n— 

mnfused 16.46 
rence 81 


>i 


*C, confused. 
tL, lucid. 


7.68 


10.36 
2.68 
* <.001 


: heart failure, and it is extremely doubt- 
that the reduction in cerebral blood flow 

; related to impedance imposed by an in- 

ci ase in the severity of cerebral congestion. 
I is more likely that the sharp decline in 
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44.85 7.42 38 


40.10 
4.75 
<.02 


cerebral perfusion associated with the develop- 
ment of mental symptoms in these subjects 
resulted from hemodynamic alterations in the 
arterial segment of the vascular tree. It was 
suggested in a previous publication® that the 





decline in cerebral blood flow in alert persons 
with severe cardiac decompensation was re- 
lated to a decrease in cardiae output, which 
is consonant with the established relationship 
of renal'® and hepatic blood flow!! to cardiac 
output in persons with chronic congestive 
heart failure. It is therefore suggested that in 
the confused cardiac patients herein reported 
cardiae output had declined to critical levels 
and that as a result cerebral perfusion was 
impaired to the point that functional abnor- 
malities supervened. There was no reduction 
in mean arterial blood pressure to support 
such a formulation ; all of these patients, how- 
ever, ultimately developed severe hypotension 
with clinical evidence of circulatory collapse. 
This was thought to represent a further fall 
in cardiac output or true ‘‘cardiae shock.’’ 
The failure of the brain to function ade- 
quately in these persons with ‘‘end-stage’’ 
congestive failure could have been due to ab- 
normalities other than the poor blood supply 
to the brain. Alterations in electrolyte con- 
centration, oxygen content, or pH of the arte- 
rial blood of sufficient magnitude to account 
for the mental symptoms, however, were not 
encountered. Therefore, it is likely that the 


failure of cerebral function under these cir- 


cumstances was the result of a severe meta- 
bolic abnormality intimately linked with the 
eritical reduction in the blood supply to the 
brain. These data, however, do not define pre- 
cisely the nature of this abnormality. Al- 
though cerebral metabolic rate for oxygen was 
decreased in most of these confused cardiac 
patients, the results do not clearly establish 
that the mental symptoms resulted from in- 
adequate utilization of oxygen. It is conceiv- 
able, however, that the estimation of total 
cerebral metabolic rate for oxygen fails to 
reflect abnormalities in individual cells or 
areas of the brain and that distributional 
changes could occur that might not be per- 
ceived by the method employed; under cir- 
cumstances where perfusion is inadequate and 
oxygen is in critical supply, those centers con- 
cerned with consciousness could deteriorate 
while the remainder of the brain is function- 
ing adequately. 
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This study supports the concept that cer< 
bral ischemia is chiefly responsible for th 
mental symptoms encountered in patient 
with far-advanced congestive heart failure 
There was little evidence in these 24 cardia 
patients that factors such as electrolyte ab 
normalities, digitalis therapy, anoxemia, o 
cerebral arteriosclerosis contributed signifi 
cantly to the development of their altere 
mental state. 

Conclusions 

Cerebral blood flow was profoundly dimin 
ished (26 ml. per minute per 100 Gm.) in 2 
mentally confused persons with advance 
congestive heart failure. 

Cerebral utilization~ of oxygen was d 
creased in the majority of these confused ind 
viduals. 

The supervention of mental symptoms i 
patients with advanced congestive heart fai! 
ure has grave prognostic implications. 
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Summario in Interlingua 

Le fluxo de sanguine cerebral esseva marcatemente 
reducite (26 ml per minuta per 100 g) in 24 mental- 
mente confuse subjectos con avantiate formas de 
congestive disfallimento cardiac. 

Le utilisation cerebral de oxygeno esseva reducite 
in le majoritate de iste confuse individuos. 

Le supervention de symptomas mental in patientes 
con avantiate disfallimento congestive del corde ha 
un grave signification ab le puncto de vista del prog- 
nose. 
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I believe it was Samuel Butler who said that one of the arts of living consists in the 
ability to come to adequate conclusions from inadequate evidence. In any event, much of 
our practical living involves action on the basis of assumptions of varying degrees of 
probability. We often forget, only to recall at leisure later, that the most improbable 
events are not impossible. They are only extremely improbable. In just this sense, I 
would think it highly improbable that medical students can wisely be expected to acquire 
for the first time at so late a stage in their preparation, basic intellectual honesty, industri- 
ous habits, dependable morality, or freedom from the shackles of tradition and authori- 
tarianism if in neither home nor secondary school they have met examples of or training in 
honesty, responsibility, hard work, and freedom of mind and spirit. I do not think we 
often stop to realize how much of these qualities we assume to be present in medical 
students, nor how much we rely, unconsciously, on these qualities that are essential to the 
effectiveness of our institutions of higher learning —ALAN Greac, M.D. Challenges to 
Contemporary Medicine. New York, Columbia University Press, 1956, p. 114. 
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Idiopathic Dilatation of the Pulmonary Artery 


By Mapuukar DesHMUKH, B.S.M.B.B.S., SuLAHATTIN GuvENC, M.D., 
LAMBERTO BENTIVOGLIO, M.D., AND Harry GouLpBEerG, M.D. 


DIOPATHIC dilatation of the pulmonary 

artery has been recognized as a clinical 
entity since 1923, when Wessler and Jaches 
described the first case.1 Since dilatation of 
the pulmonary artery is frequent in many 
congenital as well as acquired heart lesions, 
differentiation of this benign anomaly from 
the latter group is of prime importance. With 
advances in knowledge of congenital heart 
disease and improvement in the diagnostic 
methods, antemortem recognition of this con- 
dition has become possible. This report of 13 
patients, in whom heart catheterization was 
performed, aims at drawing attention to this 
anomaly and elaborating its clinical and phys- 
iologic aspects. 

Material 


The 13 patients of this series were referred to 
the Bailey Thoracic Clinic for evaluation of their 
cardiac status. Eight were male and 5 were female, 
and their ages ranged from 3 to 35 years. All these 
patients had complete clinical examinations includ- 
ing history, physical examination, complete blood 
count, Kolmer’s serologic reaction, and other per- 
tinent laboratory studies. Roentgen examination 
of the heart was performed in the 4 conventional 
positions. Every patient had a 12-lead electrocar- 
diogram and, in some, leads Vsp and V4p were 
recorded. Right-sided heart catheterization was 
performed in the normal way. A systolic pressure 
of 30 mm. Hg was regarded as the limit of normal 
in the right ventricle.” 


Results 

All but one of the patients were referred 
for cardiac evaluation because of the inciden- 
tal discovery of a heart murmur during rou- 
tine physical examinations. In 1 patient the 
abnormality was noted for the first time in a 
routine roentgenogram of the chest. The 
heart murmur in this patient was so faint that 
it escaped attention. Absence or mildness of 
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symptoms was the prominent finding in this 
series. Five of the patients complained oi 
mild fatigue and 2 of dyspnea of mild degree 
on exertion; 1 had pain in the chest and 3 
had palpitation. 

The abnormal physical findings were limited 
to cardiac palpation and auscultation. A sys 
tolic murmur was heard in the left second and 
third interspaces, and the pulmonic second 
sound was accentuated. The character and th 
intensity of this systolic murmur varied from 
patient to patient. In 3 patients a systoli: 
thrill was felt where the murmur was loudest 
i.e., the second and third left intercostal space 
In addition, in 5 patients splitting of the first 
heart sound was heard at the apex and was 
interpreted as a systolic ejection click (fig. 1). 
In 1 patient an early diastolic murmur, blow- 
ing in character, was heard in the pulmonary 

area. 

The laboratory studies were within norma! 
limits. Kolmer’s serologic reaction was nega- 
tive in all. 

The roentgen examination showed a normal 
cardiac silhouette and, in striking contrast, 
dilatation and prominence of the pulmonary 
artery segment in posteroanterior and right 
anterior oblique positions (figs. 2 to 4). In 
one case the dilatation extended to the left 
and right main branches (fig. 3). The periph- 
eral lung fields were of normal vascularity 
in each instance, and there was no chamber 
enlargement. The electrocardiogram was nor- 
mal in all instances. 

Cardiac catheterization showed no eviden:¢ 
of left-to-right shunt. The right ventriculer 
and pulmonary artery pressures were with 
normal limits. A small systolic pressure gra\- 
ient was noted across the pulmonic orifice 
some cases. The cardiac output was norm: . 
The peripheral oxygen saturation was norm |! 
except in patients 4, 5, and 8. In these p 
tients the catheterization was performed und 
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Figure 1 
ectrocardiogram and phonocardiogram showing 
systolic ejection click. 


general anesthesia, and the slight peripheral 
unsaturation was attributed to diminished 
pulmonary ventilation (table 1). 


Discussion 

In the patient described by Wessler and 
Jaches, the diagnosis of idiopathic dilatation 
of the pulmonary artery was made on the 
basis of roentgenographie findings.!_ Oppen- 
heimer in 1933 described a series of 8 patients 
having this condition.® Two of these had post- 
mortem examination and the main finding was 
dilatation of the pulmonary artery without 
aly other congenital defect or malformation. 
The pulmonary vasculature revealed intimal 
thickening. In the other 6 patients the diag- 
sis was made on the basis of clinical and 
ntgenologic similarity with these 2. All 

‘ patients in the group had severe symp- 
yus. All but 1 of them had shortness of 
reath ; 5 had cyanosis, and 4 had evidence of 
igestive failure. In this respect the above 
group of patients differs markedly from sub- 
uent reportst® in which the patients had 
‘or no symptoms. It is difficult, therefore, 
naintain the diagnosis of idiopathic dilata- 

. of the pulmonary artery in his patients. 

s probable that they had some other disease, 

h as primary pulmonary hypertension with 
yndary dilatation of the pulmonary artery. 
\ourilsky and his associates’ presented 10 

ss of this condition, 9 with postmortem 
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Figure 2 
Case 4. Roentgenogram of the heart in postero- 
anterior (top) and right anterior oblique (bottom) 
positions, showing dilatation of .pulmonary artery 
and normal heart size. 


examination. Only 6 cases can be accepted 
as having idiopathic dilatation of the pul- 
monary artery because 2 had atrial septal de- 
fect and the third had mitral stenosis. 

Gold’ stressed the presence of a hypoplastic 
aorta in the diagnosis of idiopathic dilatation 
of the pulmonary artery. In the absence of 
the hypoplastic aorta, he considered the dila- 
tation of the pulmonary artery to be due to 
Ayerza’s disease or primary pulmonary sclero- 
sis. The deformity was thought to result from 
unequal division of the truncus arteriosus 
communis." § Hypoplasia of the aorta, how- 
ever, is an inconstant finding,’ and its estima- 
tion in clinical practice by routine roentgeno- 
logic examination is far from satisfactory. 

Differentiation of idiopathic dilatation of 
the pulmonary artery from other congenital 
and aequired lesions with dilated pulmonary 





DESHMUKH, GUVENC, BENTIVOGLIO, GOLDBERG 


Figure 3 
Case 7. Roentgenograms of the heart showing dila- 
tation of the main pulmonary artery segment and 
its extension to the main branches. 


artery is of primary importance because most 
of the latter abnormalities can be corrected 
by surgical procedures (table 2). Idiopathic 
dilatation of the pulmonary artery is on the 
other hand a benign anomaly and does not 
require surgical intervention. Clinically, an 
important diagnostic lead is absence or mild- 
ness of symptoms.*® Careful history taking 
in some of our symptomatic patients sug- 
gested anxiety of iatrogenic origin as the cause 
of their symptoms rather than the presence 
of cardiac disease. Severe restrictions were 


Figure 4 
Case 10. Roentgenograms of the heart showing 
more severe dilatation of the pulmonary artery. 


imposed because of the murmurs. In fact, 
1 man was rejected from the military service 
because of the murmur, and 1 woman was 
advised not to have children. 

The systolic murmur, which is the most 
prominent physical finding in this conditio 
is quite inconstant in character and inte 


sity.» ® In some cases the murmur is qui‘: 


rough and resembles that of pulmonary ste 
osis, Whereas in others it is blowing in chara 
ter, giving the auscultatory impression of : 
atrial septal defect. The systolic ejecti 
click, which we heard in 5 patients, is of } 
diagnostic aid because it may be present 
other conditions in which there is dilatati 
of the great vessels (fig. 1).° 

Roentgen examination of the heart is i 
portant, particularly for comparison of t 
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Table 1 


Temodynamic Data 








%) 


(vol. %) 
/min.) 
(L./min.) 


Pres (mm. Hg) Oxygen content of blood (vol. %) 
PA R RA BA Svc IVC RA RV PA 


(ml. 


Oxygen 
capacity 
Systemic 
oxygen 
saturation ( 
Oxygen _ 
consumption 
Cardiac 
output 
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36 
Z 130 
—(18) — (100) 
15 0 85 

18 22 140 
—(10) — —( 91) 
4 2 72 

20 25 105 

—(14) (1) —( 89) 11.2 — 11. 
10 : 80 


is e| 


! 
| 


*Catheterization performed under general anesthesia. 
tFigures in parentheses represent mean pressures. 


amie 4 
ae 
, pulmonary : 


capillary venous; RA, right atrium; RV, right ventricle; SVC, superior vena eava. . 4 


BA, brachial artery; IVC, inferior vena cava; PA, pulmonary artery; PCV 


e of the pulmonary artery with the total 
irt size and with the peripheral pulmonary 
eries. The paradox of enlarged main pul- 
nary artery and diminished vascularity of 
‘ periphery of the lung fields, so character- 
i¢ of pulmonary stenosis, is absent in this 
idition. The hyperemic lung fields and the 
ar dance, which are common in large left- 


to-right shunts, are also lacking. The heart 
size is normal; care should be taken, however, 
because the prominent pulmonary artery seg- 
ment may give a false impression of cardiac 
enlargement. The cardiothoracic ratio is 
within normal limits. 

Electrocardiography is very useful in the 
differential diagnosis. The patterns of so- 
ulation, Volume XXI, May 1960 
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Table 2 


Conditions Accompanied by Dilatation of the Pul- 
monary Artery 








Congenital 


A. With intracardiac or extracardiac shunts 
Atrial septal defect 
Anomalous pulmonary venous drainage (partial or 
total) 
Ventricular septal defect 
Patent ductus arteriosus 
Aortopulmonary septal defect 
Aortic-right heart fistula 
Without shunts 
Pulmonary stenosis (poststenotie dilatation ) 
Coarctation of the pulmonary artery or its 
branches 
Pulmonary vein stenosis 
Idiopathie dilatation of pulmonary artery 
Aequired 
A. Cardiac diseases 
Mitral valve disease 
Left atrial tumors 
Chronic left ventricular failure 
Pulmonary diseases 
1. Parenchymal 
Pulmonary agenesis, cysts, extensive pulmonary 
emphysema, and fibrosis, granulomas (sarcoid, 
berylliosis, miliary tuberculosis), carcinoma of the 
lung, and Hamman-Rich syndrome. 


2. Vascular 


Primary pulmonary hypertension 
Secondary pulmonary hypertension due to re- 
peated pulmonary emboli, collagen diseases, schis- 
tosomiasis. 
Syphilis 
Hyperkinetic circulatory states 
Anemia 
Hyperthyroidism 
Paget’s disease 
3eriberi 
Systemic A-V fistulas 


called diastolic and systolic overload of the 
right ventricle found, respectively, in atrial 
septal defect and pulmonary stenosis are not 
present. The pattern of diastolic overload of 
the left ventricle commonly found in inter- 
ventricular septal defect and patent ductus 
arteriosus is also absent. The electrocardio- 
gram in this condition is normal; if signifi- 
eant abnormality is present, other types of 
cardiac disease should be suspected. 

In spite of the well-marked clinical, radio- 
logic, and electrocardiographic features, the 
diagnosis of idiopathic dilatation of the pul- 
monary artery is one of exclusion. We think 
that cardiac catheterization is superior to 
angiocardiography as a diagnostic tool. Ab- 
sence of left-to-right shunt, normal pressure 


relationships in the cardiac chambers, and 
normal oxygen saturation are the important 
findings. A small pressure gradient between 
right ventricle and pulmonary artery during 
the systolic ejection phase may exist (fig. 5) 
Chisholm advocated the concept of trigonoi 
dation of the pulmonary orifice as the mech- 
anism for the basal systolic murmur and th« 
relative stenosis of the pulmonary orifice in 
simple dilatation of the pulmonary artery." 
Since the pressure difference in idiopathic 
dilatation of the pulmonary artery is present 
without right ventricular hypertension, it: 
probable cause, in our opinion, is the decelera 
tion of blood flow in the dilated pulmonary 
artery, rather than true ‘anatomic obstructioi 
of the pulmonary valve. This is quite ap 
parent from the hemodynamic expression 
resistance = pressure/flow. Flow being con 
stant, pressure varies directly with resistance 
Resistance in its turn is related inversely to 
the radius of the vessel as expressed in thi 
8LV 

4 


r 


formula R = , in which Z and r are th 


length and the radius of the tube and V is the 
viscosity of the fluid. In idiopathic dilatation 
of the pulmonary artery, resistance to blood 
flow in the pulmonary artery is diminished 
because of the dilatation of the lumen; con- 
sequently there is a proportional drop in pres- 
sure, which accounts for the pressure gradient 
between the right ventricle and the pulmonary 
artery during systole. 

Greene and associates reviewed the litera- 
ture on idiopathic dilatation of the pulmonary 
artery and established the following pathologic 
criteria for its diagnosis: (1) simple dilata- 
tion of the pulmonary trunk with or without 
involvement of the rest of arterial tree; (2 
absence of intracardiac or extracardiac 
shunts; (3) absence of chronic cardiac cr 
pulmonary disease ; (4) absence of arterial di:- 
ease, such as syphilis, or more than minim 
atheromatosis or arteriosclerosis of the pv 
monary vascular tree.™ All these criteria, e 
cept atheromatosis of the pulmonary vascu! 
ture, can be evaluated clinically and by ro 
tine laboratory tests, cardiac catheterizatio 
and pulmonary function studies. All t 
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vatients in our group fulfilled these clinical 
riteria. In addition all had normal hemody- 
amie findings. In our opinion, the normal 
ressure in the right ventricle and pulmonary 
rtery should be introduced as the fifth eri- 
erion in the diagnosis. The presence of even 
mild degree of right ventricular hyperten- 
ion associated with a systolic gradient across 
he pulmonic valve should be considered as 
ifficient evidence for the diagnosis of pul- 
onary stenosis. 
Nothing is known about the etiology of this 
‘sion and relatively little about its patho- 
cenesis and natural history. Assman!? postu- 
lated an unequal division of the truncus ar- 
teriosus communis as the possible mechanism, 
and Kourilsky et al.,*7 Laubry and associates,’ 
and Gold® supported this idea because of the 
presence of a hypoplastic aorta in some of 
their cases. Kaplan and others’ thought the 
anomaly represented one aspect of the mal- 
development of the entire pulmonary tree and 
of congenital weakness of the arterial wall. 
Our series does not contribute to this issue. 
Prognostic evaluation of idiopathic dilata- 
tion of the pulmonary artery is limited by the 
number of clinically studied cases and the 
lack of adequate follow-up. In the only ac- 
ceptable autopsied series, however, the 6 
proved eases died of unrelated diseases at the 
ages of 56, 63, 78, 82, 88, and 92. It is there- 
fore believed that idiopathic dilatation of the 
pulmonary artery is a benign congenital mal- 
formation. 
Summary 
Thirteen patients with idiopathic dilatation 
the pulmonary artery are described and 
heir clinical, roentgenologic, electrocardio- 
aphic, and hemodynamic features are elab- 
ated. Absence or mildness of symptoms was 
» most significant finding in this series. A 
Imoniec systolic murmur was constantly pres- 
t. The roentgenogram showed various de- 
2es of dilatation of the pulmonary artery 
the presence of normal heart size. The 
ctrocardiogram was normal. The hemody- 
mie studies showed a mild systolic pressure 
dient across the pulmonic valve in some 
es in the presence of normal right ventricu- 
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Figure 5 


Pressure tracing showing a small systolic ejection 
pressure gradient between the right ventricle and 
the pulmonary artery. 


TG) 


iil 


lar pressure. A possible explanation of this 
finding is discussed. Idiopathic dilatation of 
the pulmonary artery is a benign lesion and 
does not affect cardiae function to any appre- 
ciable degree. 


Summario in Interlingua 


Es presentate 13 easos de idiopathic dilatation 
pulmono-arterial, e le observationes clinic, roentgeno- 
logic, electrocardiographic, e hemodynamic es descri- 
bite detaliatemente. Le absentia de symptomas o le 
presentia de solmente leve symptomas esseva le plus 
significative constatation in iste serie. Un murmure 
pulmono-systolic esseva constantemente presente. Le 
roentgenogramma monstrava varie grados de dilata- 
tion del alteria pulmonar in le presentia de normal 
dimensiones cardiac. Le electrocardiogramma esseva 
normal. Le studios hemodynamic revelava un leve 
gradiente de pression systolic a transverso le valvula 
pulmonie in certe casos in le presentia de normal 
pressiones dextero-ventricular. Un explication possi- 
bile de iste observation es offerite e discutite. Dila- 
tation idiopathic del arteria pulmonar es un lesion 
benigne e non affice le function del corde a grados 
notabile. 
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Connor, A. C., McFadden, J. F., Houston, B. J., and Finn, J. L.: Familial Congenital 

Complete Heart Block. Am. J. Obst. & Gynee. 78: 75 (July), 1959. 

A ease of congenital complete heart block is described, and the literature reviewed. 
A brother had also presented bradycardia and had bouts of cyanosis with Stokes-Adams 
episodes. The incidence, etiology, symptomatology, and prognosis of this condition are 
reviewed. Other congenital anomalies are usually found, the most common being an 
intraventricular septal defect. If congenital complete heart block is the only lesion, 
the prognosis is good and there is usually no limitation on the patient’s activities. Even 
pregnancy and high-altitude flying have not been contraindicated in reported cases. In 
this patient, the diagnosis was suspected prenatally because of the slow, regular fetal 
heart rate (64 to 68 per minute). This condition ean be confused with fetal distress and 
be the cause of unnecessary interference with pregnancy or labor. The criteria for the 
diagnosis of congenital complete heart block are (1) a slow pulse at an early age, (2) 
proof by graphic methods, (3) other signs of congenital heart disease, and (4) absence 
of a history of infection, such as diphtheria or rheumatie fever. The pulse rate is usually 
from 40 to 60 and may increase with exercise or after atropine or epinephrine. The 
stroke volume is greater than normal but the cardiac output remains normal. 
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Permutation Trial of Diuretics 


Chlorothiazide and Hydroflumethiazide 


By Freprik Kun, Dr. MED. 


HE LARGE number of oral diuretics 

brought on the market every year has 
nereased the demand for a simple screening 
est by which clinical comparisons can be 
1ade between well-known and new diuretics 
vithout too large expenditure of time and 
uoney. Although all oral diuretics in use 
robably act through inhibiting the tubular 
eabsorption of electrolytes and water, it has 
een apparent, especially since the introduc- 
ion of derivatives of chlorothiazide, that even 
mall changes in side chains may profoundly 
ilter the pattern of water and electrolyte ex- 
cretion. 

The main purpose of an acute screening 
test is to compare the potencies of the drugs 
io excrete sodium and water and to determine 
whether the new compound may give rise to 
smaller or larger electrolyte disturbances. The 
main disturbances that may be produced by 
chlorothiazide are hypokalemia, hyponatre- 
mia, and hypochloremie alkalosis. The hypo- 

alemic effect may be evaluated through the 
surplus of potassium excreted. The hypona- 
remice effect is dependent on the ratio be- 
‘ween the additional amounts of sodium and 
ater excreted. The hypochloremie effect de- 
ends on the magnitude of the ratio between 
dium and chloride excretion. 

The necessary information about potency 

ud side effects should be attained in as few 

ays as possible. Since the purpose of a diuret- 

‘usually is to remove edema caused by heart 

tilure, it is obviously more reasonable to test 

ie drug when it removes edema than when 
ie patient is in sodium balance. 

The increase in sodium and water excretion 

From Medical Department VII, Ullevaal Hospital, 

lo, and the Institute for Experimental Medical Re- 

ireh, The University in Oslo, Norway. 
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caused by chlorothiazide and derivatives lasts 
less than 12 hours.t* It should therefore be 
completely safe with such short-acting diuret- 
ics to administer a new one (or a new dose) 
in a 24-hour interval. 

The main purpose of the present investiga- 
tion is to show that in a properly planned 
experiment the necessary information con- 
cerning acute effects of 2 diuretic agents may 
be obtained from only 12 patients in 3 days. 


Methods 


The 12 patients with signs of right heart failure 
had stayed in the hospital for several days when 
they were included in this study, but they still had 
moderate peripheral edema. During the study the 
patients were on a metabolic ward. They did not 
receive diuretic agents, but other medications re- 
quired for control of heart failure, such as digi- 
talis, were continued throughout the trial. None of 
these medications was initiated during or imme- 
diately before the study. ; 

The diet given during and at least 5 days pre- 
ceding the study was the ordinary low-salt diet 
used in the hospital for the treatment of heart 
failure. No attempts were made to define or 
standardize this diet any further. The first day of 
the study the patients were allowed to choose how 
much they wanted to drink. This amount of fluid 
intake was kept constant during the 2 following 
days. Four patients with larger degrees of edema 
were kept in bed, while the others were ambulatory. 

Urine was collected in 24-hour periods. The 
volume was measured to the nearest 5 ml. The 
urine was analyzed for sodium and potassium con- 
centration by means of a Baird indirect flame 
photometer. Magnesium was determined by the 
method of Orange and Rhein,‘ calcium by a modifi- 
cation of the method of Fales,5 and chloride by 
the method of Schales and Schales.® 

The effects of 2 diuretic agents, chlorothiazide 
and hydroflumethiazide (Rontyl) and placebo tab- 
lets (milk sugar) were compared. The difference 
between hydrochlorothiazide and hydroflumethia- 
zide (6-trifluormethyl-7-sulfamyl-3, 4-dihydro-1,2,4, 
benzothiadiazin-1, 1-dioxide) is that a chlorine 
atom is substituted with trifluormethyl. 
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Table 1 
Sequence of Administration of Drugs and Placebo 
Tablets 


Patients 


1 


Treatments: C, ehlotride; P, placebo; R, Rontyl. 


Table 2 


Excretion of Electrolytes and Water 


Sequence 
of drugs 


Sodium (mEq 
CPR 162 
CRP 146 120 18 284 
PRC 87 218 203 508 
PCR 126 296 161 583 
RPC 138 32 105 275 
RCP 296 252 98 646 
Sum 955 972 687 2614 
Sum C: 1164 Sum P: 415 Sum R: 1035 
Mean C: 194.0 Mean P: 69.2 Mean R: 172: 
Potassium (mEq./24 hrs.) 
CPR 6 56 64 187 
CRP Be : 37 150 
PRC é ) 67 169 
PCR 3 is 57 170 
RPC 37 < 59 130 
RCP 5s 47 175 
Sum 307 331 981 
Sum C: 383 Sum R: 334 Sum P: 264 
Mean C: 63.8 Mean R: 55.7 Mean P: 44.0 
Chloride (mEq./24 hrs.) 
CPR 146 61 117 324 
CRP j 111 13 188 
PRC 36 185 149 370 
PCR 237 178 526 
RPC é 44 87 304 
RCP 30: 194 93 592 
Sum 3i 832 637 2304 
Sum C: 877 Sum P: 358 Sum R: 1069 
Mean C: 146.2 Mean P: 59.7. Mean R: 178.z 
Water (ml./24 hrs.) 
CPR 1820 
CRP 895 
PRC 1560 
PCR 1310 
RPC 1210 1255 3185 
RCP 1600 1420 5305 
Sum 8395 9295 8595 26285 
Sum C: 11020 Sum P: 6760 Sum R: 8505 
Mean C: 1835 Mean P: 1125 Mean R: 1490 
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The daily doses of the diuretic agents were 2 
Gm. of chlorothiazide or 200 mg. of hydrofiu 
methiazide, divided in equal doses given at 8:0( 
A.M. and 12 noon. Previous investigations! 7 had 
shown these doses to give optimal natriuretic effect 
The 2 diuretic agents and placebos were adminis- 
tered in the course of the 3 days of the study in 
all permutations (table 1). Each sequence of ad- 
ministration was followed for 2 patients, chosen 
at random, so that on the first 3 days of the stud) 
4 patients received chlorothiazide, 4 hydroflu- 
methiazide, and 4 placebo tablets. Through this 
design each drug was given the same change in 
sequence to compare its acute effects. 


Results 

Table 2 shows the daily excretion of 
sodium, potassium, chloride measured in milli- 
equivalents and the daily excretion of water 
measured in milliliters. The sequence of treat- 
ments is indicated with letters, so that, foi 
instanee, CPR indicates that chlorothiazid 
was given the first day, placebo the second 
day, and hydroflumethiazide (Rontyl) th 
third day. Each value is the average of the 
daily excretion of 2 patients. The variation 
from one permutation to another is, however, 
considerable as shown in the last column o! 
the table. At the bottom of each section of 
the table the total and the daily mean output 
of solutes and water during each treatment 
is given. Slightly more sodium was excreted 
during chlorothiazide treatment, whereas 
more chloride was excreted following admin 
istration of hydroflumethiazide. 

Figure 1 shows that magnesium excretion 
was independent of urinary flow when the 
diuresis varied between 600 and 2,500 ml. I 
is also apparent that the 2 diuretic agents di 
not specifically influence the excretion of mag 
nesium. Figure 2 shows that calcium excretio 
varied slightly more than magnesium excr 
tion. There is no correlation between mag 
nesium and calcium output and no eviden 
that the diuretic agents influenced calciw 
excretion. 

The urine became more alkaline in all ! 
eases during chlorothiazide than duri 
placebo administration. The range of the di - 
ferences in pH was 1.1 to 0.2, with a me: 
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»£ 0.67. Between days of hydroflumethiazide 
ind days of placebo administration there was 
10 significant change of pH of urine. 


Statistical Treatment 

Because of the design of the experiment 
he error variance could be considerably re- 
lueed through analysis of variance. By this 
echnie the variation due to days and to per- 
nutations could be accounted for. As indi- 
‘ated in table 3 the variation between permu- 
ations and the variation between days are 
nostly highly significant when tested by com- 
parison with the error mean square. This sig- 
\ifies that by taking into account these sources 
ff variation the error variance is reduced. 
Sinee the effects of treatments eventually are 
lemonstrated by comparison with the error 
variance, the design of the experiment has 
made it more sensitive and increased the pos- 
sibility of demonstrating differences between 
(reatments. The effect of treatments may be 
resolved in 2 comparisons by use of the rules 
of orthogonality.* The first comparison is be- 
tween the effects of the 2 diuretics. The sec- 
ond comparison is between the diuretics on 
the one hand and the placebo ‘‘treatment”’ 
on the other. 

The results of these comparisons are shown 
in the lower parts of table 3. The natriuretic 
and chloruretie effects of the 2 diuretics are 
not different as shown by this analysis, 
whereas the natriuretic and chloruretie effects 
of both diuretics are far above the placebo 
effect. Both diuretics increase the diuresis, 
but water exeretion is significantly larger 
‘uring administration of chlorothiazide than 

iring hydroflumethiazide. 

The kaliuretiec effect is significantly less for 
| ydroflumethiazide than for chlorothiazide al- 
‘ough the difference in potassium excretion 
' tween treatments is slight. The hypochlore- 

ic effect was tested by comparing the natri- 

‘etic and the chloruretic properties of the 

ugs. If there were no difference between the 

uretic agents, the ratio of the excreted 

.\ounts of sodium and chloride during hy- 

oflumethiazide and chlorothiazide adminis- 

ition, respectively, should be equal, and ac- 
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‘1000 - 15001500 - 2000 


Diuresis in ml. 
Figure 1 


Magnesium excretion, mg./24 hours, (ordinate) at 
various urinary flows during permutation trial. 
Solid circle, chlorothiazide (Chlotride) ; half-solid 
circle, hydroflumethiazide (Rontyl); open circle, 
placebo tablets. 


cordingly Nap/Clp + Nac/Cle = 1. The 
sodium :chloride ratio for hydroflumethiazide 
in all 12 cases was lower than the sodium: 
chloride ratio for chlorothiazide, and all the 
ratios as indicated above were below 1, the 
range being 0.89 to 0.61, with a mean of 0.74. 
The probability that this finding should be due 
to chance is 1%4 to the twelfth power or less 
than 1 per 1,000. At equal natriuretic effect 
hydroflumethiazide accordingly has a higher 
chloruretic effect than chlorothiazide. 

When a diuretic agent increases the sodium 
concentration of urine above normal, through 
prolonged use it may reduce the sodium con- 
centration of the extracellular fluid and ac- 
cordingly have a hyponatremic effect, espe- 
cially if the sodium concentration of the addi- 
tionally excreted urine is far above the plasma 
sodium level. 

If Nag and Nap are the sodium excretions 
during hydroflumethiazide and placebo ad- 
ministration, respectively, and Dz and Dp are 
the diureses during these treatments, the ex- 
pression Nag — Nap/Dpg — Dp is the sodium 
concentration of the surplus of urine excreted 
during hydroflumethiazide administration. 





Treatments: 
e Chlotride 
e Rontyl 
o Placebo 


50 100 
Figure 2 
Magnesium (ordinate) and calcium (abscissa) ex- 
cretion, mg./24 hours, during permutation trial. 


From the data presented in table 2 it was 
shown for all 6 permutations that the sodium 
concentration and the chloride concentration 
(caleulated in a similar way) of the addi- 
tional urinary output during hydroflumethia- 
zide action were far above serum levels, the 
mean concentrations for sodium and chloride 
being 353 and 407 mEq. per liter. The cor- 
responding mean concentrations during chlor- 
othiazide action were 176 and 122 mEq. per 
liter, but these concentrations are not signifi- 
cantly higher than the serum levels, since 2 
of the 6 determinations showed values below 
the serum levels. 

For all 6 permutations the sodium and the 
chloride concentrations were higher during 
hydroflumethiazide than during chlorothia- 
zide action. The probability that this should 
be due to chance is 14% to the sixth power or 
less than 2 per cent. 


Discussion 

Variability in response to drugs is a prob- 
lem in the design and interpretation of nearly 
all clinical experiments. It has been recog- 
nized for a long time that less variability in 
response will be found if the patient is used 
as his own control instead of treating 2 or 
more groups of patients with different diuret- 
ic agents. 

The major problem has been, however, that 
the response to the drug changes during treat- 
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ment, when edema is removed and the elinical 
condition improves. When an effective diuret- 
ic agent is given for a period of 4 or 5 days,’ 
it may remove the major part of the edema 
the first 2 days. A diuretic agent of less po- 
tency may induce a smaller diuresis, which 
may, however, persist over a longer period 
and result in a nearly equal total loss of fluid 
in the course of 5 days. To avoid too large 
variability the test period should be so short 
that edema is not completely removed. By 
high doses of chlorothiazide or its derivatives 
edema may be removed so rapidly that con 
stant body weight is attained in 3 days.’ 
Statistical analysis of this study shows that 
the response varied from day to day. In con 
trast to the controlled clinical experiment in 
which all factors but one are controlled, th: 
permutation arrangement of treatments per 
mits a comparison of the effects of diureti: 
agents (or various dose levels of the same 
diuretic agent) during the whole period o! 
dynamic changes when edema is removed. 'The 
reason for avoiding complete removal of 
edema even with this design is that the dif- 
ference in effect between diuretics of different 
potency will be reduced when the available 
sodium stores are emptied. On the other hand, 
if the test period for each drug is too short, 
the effect of the preceding diuretic agent will 
still be present when the next drug is given. 
A confounding of effects will be produced and 
the difference in response between diuretics 
will vanish and the placebo effect increase. 

It should be borne in mind that differences 
in acute effects may elicit different responses 
during chronic use. Some of these responses 
may be compensatory. Acute experiments (do 
not therefore abolish the need for prolonge:| 
experiments, but the planning of such exper'- 
ments is considerably simpler. 

Some authors have tried to reduce the var 
ability in response in acute experiments | 
equilibrating the patient on a diet containil 
exactly 50 mEq. of sodium daily until ‘‘a co! 
stant amount of sodium which approximat« 
90 per cent of their dietary sodium’’’® hes 
been excreted. A patient in equilibrium 
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Table 3 


Variance of Excretions of Electrolytes and Water 











Degrees of 
Source of variation freedom Sum of squares Mean square 


Sodium 
Treatments 
Days 
Permutations 
Error 


Total 


Comparisons 
(C — R)* 
n>! 1386.75 1386.75 
(R+C —- 2P)* 
eye 52060.00 52060.00 


26723.38 
4259.38 
8922.75 


868.22 


“1 © Cr bo lo 


_ 


113525.10 


Potassium 
Treatments 1192.33 596.16 
Days 112.00 56.00 
Permutations é 687.17 137.43 
Error 133.00 16.625 
Total 2124.50 
Comparisons 
(C — BR)’ - 
ae 200.08 200.08 2. 211.26) 
R+C — 2P)’ 
eee 992.25 992.25 59. 211.26) 
Chloride 
Treatments 
Days 


45097 22549 “ : 8.65) 
4291 2145 i : 4.66) 
37346 7469 5. : 3.69) 
10306 1288 

97040 


or bo bo 


Permutations 

Error 

Total 
Comparisons 

(R — C)’ 

m= vr? 
(R+C — 2P)* 
n= d* 


- 
“1 0 


Water 
Treatments 1528769 764384 
Days é 174444 87222 
Permutations f 3581891 716378 
Error 157070 19634 
Total 5442174 

Comparisons 
(C — R)* zp 
—' 527105 527102 211.26) 
(B+C — 2P)* 
a 1001667 1001667 51. 211.26) 


=v*: Sum of quadrates of the sums making up the comparison.° 





wually free of edema, and it may be ques- Since all patients in the present study had 
ti ned whether he would react similarly to moderate cardiae edema, the results are valid 
itients with cardiac edema. Furthermore, only for this population. No conelusions can 
technic is time-consuming (3 weeks to test be drawn with regard to other populations, 
loses) and necessitates many analyses of such as patients with hepatic or renal edema. 
id and urine. No attempts were made to study differences 
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in effects on subpopulations, such as patients 
with rheumatic or arteriosclerotic heart 
disease. 

Through the use of the mean output from 
each 2 patients receiving the treatments in 
the same sequence, the variance within pa- 
tients is reduced and the statistical calcula- 
tions are simplified. From the tables it is ap- 
parent, however, that the ‘‘error variance”’ is 
larger for sodium than for potassium excre- 
tion. The sodium output may vary consider- 
ably from day to day, even in the normal man 
eating a constant diet. It is therefore assumed 
that most of the ‘‘spontaneous’’ variability 
was due to other causes than variation in 
sodium intake and therefore that a strict 
standardization of the low-salt diet would not 
be necessary. 

Current theories of electrolyte excretion 
assume that concentration of sodium in urine 
above serum level can only be established 
through a selective water reabsorption at a 
point distal to the level of sodium reabsorp- 
tion, probably in the collecting tubules." 
When hydroflumethiazide increases the so- 
dium concentration far above serum level, this 
effect cannot be explained by reduced sodium 
reabsorption in the tubules, but must be due 
to increased water reabsorption. Chlorothia- 
zide produces a similar effect,!* although ac- 
cording to the present data it is quantitatively 
less pronounced. 

In order to investigate whether this effect 
is independent of the antidiuretic hormone, 
1.5 liters of water were given to 6 patients 
convalescent from conditions unaccompanied 
by edema, and urine was collected for 3 hours. 
The first day placebo tablets and the next day 
200 mg. of hydrofiumethiazide were given 2 
hours before administration of water. The 
response varied considerably and the urinary 
output increased in only 3 cases after hydro- 
flumethiazide. The sodium output, however, 
increased in all cases. The total increase in 
sodium output divided by the total increase 
in urine was 336 mEq. per liter, suggesting 
that free water reabsorption is increased also 
when antidiuretic hormone presumably is ab- 
sent, 
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In terms of the countercurrent concept! 
this effect may be due to a change in permeabil 
ity for water or through an increase in th 
osmolal gradient between the extracellula: 
compartment in the renal papilla and the col 
lecting tubules. Whether this effect is an acut 
one or whether it also is present during pro 
longed use of hydroflumethiazide (and a 
cordingly of importance in the treatment o 
diabetes insipidus) remains to be investigated 
The permutation trial is not suited for a mor 
thorough investigation of physiologic mechan 
isms, but may as this example shows be us‘ 
ful as a screening test. 

The permutation arrangement is only a 
vantageous when the extraneous variatioi 
such as variation among days or among p: 
tients, is significantly larger than the varia- 
tion within patients. Its success also depends 
on whether or not the objective results of 
treatments can be expressed numerically. 
Therefore in probably rather few other fields 
of clinical medicine can it be applied. Its 
force in the investigation of the effects of 
diuretics is that the permutation trial can be 
used even in the ordinarily equipped hospital 
without serious interference with current 
treatment. 

Summary 

In order to increase the amount of informa- 
tion per day of observation the permutation 
trial is introduced in the study of acute effects 
of diuretic agents. 

Chlorothiazide and hydroflumethiazide in 
optimal doses (2 Gm. and 200 mg. daily) 
and placebo tablets were given, 1 drug on 
each of the 3 days of the study, in all permu- 
tations to 12 patients treated by current 
methods for right heart failure. 

The error variance of sodium, potassium, 
chloride, and water excretion was reduced by 
taking into account the variation due to per- 
mutations and days. 

Chlorothiazide showed a stronger diuretic 
action than hydroflumethiazide, whereas 1 
natriuretic effects were not significantly d:’ 
ferent as judged by analysis of varian 
Hydroflumethiazide was less kaliuretic. 

Magnesium excretion was independent 
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iuresis. Neither of the diuretics showed any 
ffeet on magnesium and calcium excretion. 
‘he ratio of sodium and chloride excretion 
vas significantly lower during hydroflume- 
hiazide than during chlorothiazide action. 
The caleulated sodium concentration in the 
dditionally exereted urine during hydro- 
umethiazide administration was far above 
erum levels (the mean of 12 observations was 
53 mEq. per liter), and significantly higher 
han during chlorothiazide action. This effect 
as also demonstrated in 6-control patients 
curing water loading, suggesting that hydro- 
umethiazide increases free water reabsorp- 
on also when antidiuretic hormone is absent. 
Comparison of the acute effects of diuretic 
agents is through the permutation trial made 
possible in the ordinarily equipped hospital 
without serious interference with current 
treatment. 


Summario in Interlingua 


Pro augmentar le quantitate de information ob- 
tenite per die de observation, le essayage comparative 
per administrationes in ordines permutational es in- 
troducite in le studio del effectos acute de agentes 
liuretie. 

Chlorothiazida e hydroflumethiazida in dosage op- 
imal (2 g e 200 mg per die, respectivemente) e 
ablettas de placebo esseva administrate, un del medi- 
ationes per die durante le 3 dies del studio, in omne 
le permutationes possibile, a 12 patientes qui se tro- 

iva sub tractamento pro discompensation dextero- 
sardiae seeundo le currente methodos. Le variantias 
le error pro le excretion de natrium, kalium, chloruro, 
> aqua esseva reducite per prender in consideration 

variation causate per le permutationes e le dies. 

Chlorothiazida e hydroflumethiazida in dosage op- 
uretic. Hydroflumethiazida monstrava un plus forte 
action ehloruretic. Le action natriuretic del duo non 

ffereva significativemente secundo le analyse del 

riantia. Hydroflumethiazida esseva minus kaliuretic. 

Le excretion de magnesium non dependeva del diu- 

se. Nulle del duo diureticos exhibiva un effecto super 

excretion de magnesium e de calcium. Le proportion 

1 excretion de natrium a illo de chloruro esseva sig- 
1. fieativemente plus basse post le administration de 

droflumethiazida. 

Le ealeulate concentration de natrium in le surplus 

urina excernite durante le administration de hydro- 
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flumethiazida esseva multo plus alte que le corre- 
spondente concentration in le sero (con un valor me- 
die de 12 observationes de 353 mEq per litro); illo 
esseva significativemente plus alte durante le admin- 
istration de hydroflumethiazida que durante le ad- 
ministration de chlorothiazida. Iste effecto esseva 
etiam demonstrate in 6 patients durante cargation 
con aqua, un facto que suggere que hydroflumethia- 
zida augmenta le reabsorption de aqua libere mesmo 
quando le hormon antidiuretie es absente. 
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Pulmonary Artery Wedge Catheter Position as a Site for 
Injection of Indicator Substance 


By G. G. Rowe, M.D., C. A. CastitLo, M.D., G. M. Maxwe.n, M.D., 
C. W. Crumpton, M.D., anp R. J. Bornam, M.D. 


HE use of indicator-dilution curves dur- 

ing cardiae catheterization has greatly 
clarified the hemodynamics of various con- 
genital cardiovascular malformations.) ? As 
presently used, the combination of indicator- 
dilution curves and oximetry is usually suffi- 
cient to establish a definitive diagnosis. In 
some subjects with small left-to-right intra- 
eardiae shunts, however, the usual diagnostic 
methods are inadequate. In attempts to prove 
the existence of small shunts additional diag- 
nostic procedures may be required such as 
the placement of 2 catheters in the right side 
of the heart® or catheterization of the left side 
of the heart. The present study reports the 
injection of indicator substance with the cath- 
eter in the pulmonary wedge position as an 
additional diagnostic aid. 


Material and Methods 

In mongrel dogs, a cardiae catheter was wedged 
in the pulmonary artery, and, with use of the 
Westinghouse intensifier, sufficient quantities of 
Renographin or Hypaque were injected to outline 
graphically the course followed by a wedge injec- 
tion. Some animals were killed immediately after 
the procedure, and the area of the lung in which 
the catheter had been wedged was excised for 
microscopic section. In a single dog a plastic tube 
was inserted between the right and left ventricles 
in a manner similar to that used by Dillon and 
Schreiber.®> The tube was gripped in an adjustable 
clamp, and the thorax was closed with the clamp 
protruding so that the size of the interventricular 
shunt could be controlled externally. The shunt 
was reduced progressively until its presence could 
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no longer be identified clearly on the curve in- 
scribed after injection of indicator into the pul 
monary artery. Then a curve was obtained wit! 
injection into the catheter wedged in the pulmo 
nary artery to determine whether or not the shunt 
could still be demonstrated. The human subject 
were infants, children, and adults having routin 
diagnostic cardiac catheterization. 

The volume of the system from the point of in 
jection of the indieator to the end of the eathete 
was maintained at sufficient size to contain onl) 
slightly more fluid than the quantity of indicato 
to be used. The catheter was wedged, the indieato 
was introduced cautiously into the system, and thi 
system was closed so that the indicator remained 
trapped. At the proper signal a sufficient excess 
of saline solution was injected to wash the indi 
cator substance through the catheter, the pulmo- 
nary capillaries, which it obstructed, and into the 
pulmonary vein. The arterial sampling site was 
the femoral artery, and the arterial specimen was 
withdrawn at a rate of 25 ml. per minute with 
a Harvard Apparatus Company constant with 
drawal pump. The indicator substance was Indo- 
eyanine green (Cardio-green), and all indicator- 
dilution curves were made with the Waters Conley 
cuvette oximeter modified for use of Cardio-green. 

Results 

Examination of microscopic sections from 
the region of the dogs’ lungs where the eathe- 
ter had been wedged revealed that there were 
small areas of hemorrhage and some staining 
of the lung with dye (fig. 1). The area in- 
volved, however, was not large and did n 
appear to be severely injured, even thoug 
several injections had been made through t] 
excised segment. In our clinical experienc 
none of the subjects has shown signs of loca 
ized pneumonia or infarction after the ‘‘wedg 
injection,’’ which would make us believe th: 
this procedure is contraindicated. 

Cinefluorography during injection of radi: 
graphic contrast substances revealed that ii 
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ection into the pulmonary artery cast a rela- 
ively dense shadow in the artery but was not 
een thereafter because of dilution (fig. 2). 
Vhen the injection was made in the wedge 
\osition, however, the small vessels at the end 
f the catheter were distended sharply and 
he contrast substance could be seen clearly 
1 the pulmonary vein draining this segment 

f the lung (fig. 3). 

In the dog it was demonstrated that under 
ie same hemodynamic conditions the recir- 
ulation of indicator that had come through 
he artificially created ‘‘ventricular septal de- 
ect’’ could be seen more readily on the in- 
cieator-dilution curve made with injection in 
the wedge position than on the curve made 
with injection into the pulmonary artery (fig. 
£).. 

It has been possible in several clinical cases 
to demonstrate diagnostically abnormal curves 
with injection at the wedge position when 
the dilution curve done with injection into 
the pulmonary artery was equivocal. An il- 
lustrative case history may be cited. A 3- 


year-old boy who had grown and developed 
normally, was found to have a palpable sys- 
tolic thrill and grade-III systolic murmur in 
the lower left intercostal spaces parasternally. 
Ilis electroecardiogram was within normal 


limits, and on roentgenographie examination 
the heart was at the upper limits of normal 
iit Size with a questionable increase in the pul- 
onary vascularity. Cardiae catheterization 
vealed normal pressures in the right side 
‘the heart and in the femoral artery. Oxy- 
‘on saturations were 70 per cent in the mid 
‘ght atrium and high right ventricle and 74 
‘r cent in the pulmonary artery. (As eal- 
ilated in volumes per 100 ml. of blood this 
i an inerease in oxygen content from 10.6 to 
.3.) Indicator-dilution curves from the right 
imonary artery and from the right pul- 
onary artery wedge position are shown in 
trure 5. Although there may be early re- 
reulation on the washout slope of the in- 
cator-dilution curve done with injection into 
e right pulmonary artery proper, there is 
» doubt that this early recirculation is seen 


‘culation, Volume XXI, May 1960 


Figure 1 
Photomicrograph of the portion of the lung 
through which a wedge injection was made. Two 
small areas of hemorrhage are seen. (The most 
damaged portion of the lung revealed by micro- 
scopic section is shown.) . 


more clearly on the indicator-dilution curve 
made with injection into the wedge position. 
The indicator-dilution curves done with in- 
jection at comparable positions on the left 
pulmonary artery confirmed those on the 
right. 

There would be some doubt from the rou- 
tine catheterization of this subject that a 
shunt existed, whereas the clinical picture was 
that of a small ventricular septal defect. 
When the ‘‘wedge injection’’ indicator-dilu- 
tion curves (fig. 5) are considered, however, 
the clinical diagnosis of a small ventricular 
septal defect seems confirmed. Final proof 
of this diagnosis by cardiac surgery has not 
yet been accomplished, since the child’s phys- 
ical state appears too satisfactory to justify 
surgical intervention at this age. 


Discussion 

The hypothesis on which this study was 
undertaken was that, with injection into the 
pulmonary wedge position, the ‘‘central vol- 
ume’’ would be reduced to the smallest size 
that could be obtained with a cardiac catheter 
passed through the right but without entering 
the left side of the heart. Injection at this 
site should produce a curve with an earlier 
appearance time, a sharper peak, and a nar- 
rower spread. This hypothesis was confirmed 
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Figure 2 


Consecutive pictures from a cineangiogram have been mounted to show the course of 
the indicator during an injection through @ cardiac catheter with its tip lying free in 
the pulmonary artery. Although the pulmonary artery and its branches are outlined 
clearly, the dye is so diluted on its return through the pulmonary veins that it cannot 
be seen. The second cardiac catheter is in the “wedge position” and the obstructed wedge 
of lung contains some contrast substance that has not been washed out from previous in- 
jections. 


in the dog by indicator-dilution curves and in a relatively concentrated form (fig. 3 
by cineangiocardiograms showing that injec- Since a high, peaked concentration of ind - 
tion through the wedge position outlines clear- eator traverses the left atrium and ventric! 
ly the small vessels distal to the tip of the the fraction of indicator carried through 
catheter and the pulmonary vein prior to its cardiac defect by a left-to-right shunt shou! 
entry into the left atrium, and, if the period be relatively concentrated. Hence both tl 
of injection is relatively short, the indicator ‘‘oeneral’’ and ‘‘shunt’’ circulation curv: 
substance reaches the left side of the heart are sharpened, and their peaks may be ide! 
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Figure 3 
Consecutive pictures from a cineangiogram have been mounted to show the course of 
the indicator during an injection through a cardiac catheter with its tip in the wedge 
position. The other cardiac catheter is lying with its tip free in the pulmonary artery. 
The small pulmonary vessels distal to the “wedged” catheter were filled with contrast 
substance that extended, essentially undiluted, into the pulmonary vein draining the 
“wedged segment.” Saline was not injected to wash out the obstructed segment of vas- 
culature and considerable quantity of contrast substance remained in the pulmonary 
vessels. This is seen to clear slowly in a manner that might distort the washout slope 
of an indicator-dilution curve, pointing up the necessity of an adequate “flush” through 


the system after the injection of indicator. 


d more readily on the resulting composite 
ve. 


n normal human subjects the ‘‘ wedge in- 
ion’’ curves are as described for the dog 
show no abnormality in their washout 
e providing the indicator is washed 
‘ough by sufficient volume of fluid (5 ml.) 
the catheter and the section of the lung 
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distal to it in the wedge position are well 
cleared of indicator. If this is not done, it 
appears clinically and from the cineangio- 
cardiographie studies (fig. 3) that indicator 
substance may remain in the vessels obstructed 
by the wedged catheter and drain slowly into 
the circulation, distorting the washout slope 
of the indicator-dilution curve. 





ROWE, CASTILLO, MAXWELL, CRUMPTON, BOTHA?! 


t 
CARDIOGREEN 
INJECTION 


Figure 4 

These indicator-dilution curves were obtained from 
a dog with a tube inserted between the right and 
left ventricle to simulate a ventricular septal de- 
fect. The amount of shunt was reduced progres- 
sively until the “RPA” curve was obtained by in- 
jecting Indocyanine green into the pulmonary 
artery and recording the indicator-dilution curve 
at the femoral artery. Immediately thereafter, 
without changing the shunt, the “RPAW” indi- 
cator-dilution curve was obtained after injection 
in the “wedge position.” The RPAW curve shows 
the earlier appearance time, sharper peak, and 
narrower spread, and reveals the “shunt” recircu- 
lation more clearly, demonstrating the principle 
of “wedge injection.” The curves are actual size 
and were superimposed photographically. 


The passage of the indicator through the 
obstructed segment is dependent, not only 
upon the rate of blood flow through the seg- 
mental vein from collateral vessels that by- 
pass the vessels obstructed by the wedged 
catheter, but also the rate of flow through 
this segment of the indicator and the fluid 
that is used to wash the indicator through 
the catheter. Hence, the exact portion of 
the ‘‘central volume,’’ which is calculated 
from the curve, will depend to some extent 
on whether the indicator flows more rapidly 
through the pulmonary vein draining the seg- 
ment into which the injection is made than 
blood flows through the other unobstructed 
pulmonary veins. In the absence of specific 
knowledge of what blood is ‘‘temporally co- 
incident’’ with the injected indicator the eal- 
culation of the ‘‘central volume’’ could econ- 
ceivably be distorted by almost as much as 
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5 seconds 


Figure 5 

These indicator-dilution curves were obtained from 
a 3-year-old boy with a suspected ventriculur 
septal defect. Clear-cut differences are apparent 
in the morphology of the curves obtained by in- 
jecting into the right pulmonary artery (RPA) 
and the right pulmonary artery wedge (RPAW ) 
position. The curves are actual size and were 
superimposed photographically. 


the volume of the pulmonary venous tree. 
The significance of shunts that are too small 
to be shown by the standard methods of cathe- 
terization may be questioned. Very small 
shunts, however, may be present in subjects 
with marked pulmonary hypertension but 
with sizable defects, and it may be important 
to demonstrate these shunts in order to dif- 
ferentiate patients with septal defects from 
those with idiopathic pulmonary hyperten- 
sion. Furthermore, some of the subjects i 
the present series who had the expected plhiys 
ical findings of a small ventricular sept: 
defect were not shown to have any abnorm 
ty by the standard method of catheterizat 
including multiple indicator-dilution cur 
Injection of indicator substance through 
wedge position clearly indicated early reir 
culation on the washout slope of the curve 
a central shunt. Similar, or perhaps e 
greater discrimination may be afforded 
indicator-dilution methods by use of 2 car 
catheters in the right side of the heart v 
performance of simultaneous dilution cu 
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om a peripheral artery and a right-sided 
amber proximal to the site of injection,* 
by left heart catheterization and injection 
indicator into either the left atrium or the 
't ventricle,t but these methods are more 
mplicated. The demonstration of such a 
‘all lesion by an objective method is in- 
lleectually more satisfying than the state- 
nt that such a lesion exists but is too small 
be demonstrated. 


Conclusions 

The pulmonary wedge position is described 

a site for injection of indicator-dilution 

bstance because it presents the most central 

int in the circulation that can be attained 

iring right heart catheterization without 
actually entering the left side of the heart. 
Injection at this site furnishes a small ‘‘cen- 
tral volume’’ and produces curves that for 
the same quantity of dye injected present a 
sharper peak concentration, a shorter build- 
uy) and disappearance time, and therefore a 
curve the morphology of which is more rigidly 
set than those obtained by injection at more 
proximal sites in the right side of the heart. 
Because the curve is sharper, small recircu- 
lation curves on the washout slope are more 
readily apparent; therefore smaller shunts 
can be detected during diagnostic cardiac 
catheterization. 
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Summario in Interlingua 

Le position del catheter inclavate in le arteria 
pulmonar es describite como un sito de injection del 
substantia indicatori proque illo representa le puncto 
le plus central in le circulation que pote esser attin- 
gite in catheterismo dextero-cardiae sin de facto 
penetrar le latere sinistre del corde. Le injection a 
iste sito provide un micre ‘‘volumine central’’ e 
produce ecurvas que—sin augmentar le quantitate de 
colorante injicite—exhibi un plus acute concentration 
culminal, un plus curte tempore initiatori e dispari- 
tori, e assi un configuration con un plus rigidemente 
establite morphologia in comparation con le resultatos 
obtenite per medio de injectiones in plus proximal 
sitos al latere dextere del corde. Proque le curvas es 
plus suceinete, micre curvas de recirculation in le 
declivitate disparitori es plus prestemente apparente 
e plus micre shuntings pote esser detegite durante le 
catheterismo cardiae effectuate con objectivos de 
diagnose. 
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Knowledge and Wisdom 


The young man knows the rules, but the old man knows the exceptions—OLIver WEN- 


DELL Hotmes, M.D. Medical Essays, 1861. 
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Changes in the Character and Location of Arterial Lesion: 
in Mammals and Birds in the Philadelphia 
Zoological Garden 


By H. L. Ratcuirre, Sc.D., T. G. YeERasmupes, D.V.M., M.S., Px.D., 
anp G. A. Exuiott, D.V.M., M.S. 


HE FREQUENCY of arteriosclerosis 

(intimal thickening with or without lipid 
deposits) in mammals and birds of the Phila- 
delphia Zoological Garden has increased 10- 
fold since 1935.1 This increase has involved 
increases in the varieties of animals that de- 
velop the disease and has been accompanied 
by changes in the location and character of 
the lesions, as well as in the apparent rate of 
their development. Thus, in recent years le- 
sions of the coronary arteries have become 
relatively common and, since 1950, have led 
to deaths of a number of younger animals. In 
the earlier material, coronary lesions usually 
were limited to an occasional aged animal that 
had died of other causes. 

The recent paper on frequency listed the 
varieties of mammals in which arteriosclerosis 
has developed most often since 1935.1 This 
paper also described the conditions that have 
been related to the rise in frequency. The 
changes in the character and location of arte- 
riosclerotic lesions in the animals of this zoo 
will be described and discussed at this time. 


Material 

The material for this report has been taken 
largely from autopsies of mammals and birds that 
have died in the Philadelphia Zoo since 1935. 
Earlier material from this series of autopsies has 
been described and illustrated.2 It is reviewed 
briefly for comparison with the more recent exam- 
ples of the disease. 


From the Penrose Research Laboratory of the Zoo- 
logical Society of Philadelphia and the Department 
of Pathology, School of Medicine and School of 
Veterinary Medicine, University of Pennsylvania, 
Philadelphia, Pa. 

Aided by grants nos. H-1979 and H-3257 from the 
National Heart Institute, National Institutes of 
Health, U. S. Public Health Service. 


During 1935 the traditional and often inadequa » 
diets then common to zoological gardens were r - 
placed in the Philadelphia Zoo by controlled diet 
Since then nutritional disease has ceased to be 
factor in morbidity or mortality. These diets an | 
the conditions under which the material from th’s 
zoo has been collected and prepared for stucy 
have been described fully.}: *: 4 


Observations 


Prior to 1935 and the introduction of ade- 
quate diets the most striking form of arterio- 
sclerosis developed in birds as atheromata of 
the thoracic aorta and brachiocephalic arter- 
ies. These lesions probably attained their 
largest size in the parrots and their relatives 
(Psittacidae), especially in parrots of the 
genus Amazona. In these birds the thickness 
of the atheromata often exceeded the diame- 
ters of the arteries themselves and, at times, 
convulsive seizures experienced by parrots 
could be attributed to partial obstruction of 
the brachiocephalic arteries by these lesions. 

However, this was not exclusively a disease 
of the psittacine birds. Relatively large athero- 
mata also developed in the thoracic aorta and 
brachiocephalic arteries of ducks and gecse 
(Anatidae), of pheasants (Phasianidae), of 
carnivorous birds (Accipitridae), and of the 
birds-of-Paradise (Paradisidae). Occasion: 
birds of these groups also experienced convul- 
sive seizures that could be related to the !e 
sions. 

The microscopic appearances of these athor 
omata were relatively uniform: loosely 
ranged fibrous structures with a considera 
lipid content. The bases of these lesions v 
ally extended into the media of the arter °s, 
to involve the inner third of this coat a 
oceasionally, as much as its inner half. 
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During the same period, atherosclerosis of 

i mmals apparently was limited to the in- 

human primates, chiefly Old World mon- 

‘s and baboons (Cercopithecidae). Occa- 
inal animals of this group developed 
‘e atively small atheromata in the abdominal 

ta; these lesions were limited to the intima. 

other mammals of the series the chief evi- 
ice of arterial disease was segmental necro- 
i; and ealcification of the media of the lower 

\oracie and abdominal aorta. These lesions 
‘orresponded more or less closely to Méncke- 

g’s sclerosis in man. Usually they were ac- 
companied by thickening of the overlying 

ima.” 

Within a year after improved diets had 

‘en introduced in the Philadelphia Zoo the 
appearance and location of the arteriosclerotic 
lesions, as seen during routine autopsies, 
seemed to be undergoing changes in both 
mammals and birds. Thus, in time, the large 
atheromata of the thoracic aorta and brachio- 
cephalic arteries became rare in birds of all 
groups. Instead of these larger, softer lesions, 
birds now developed smaller, more compact 
atheromata, which have been located most 
often in the abdominal aorta and its branches. 
These more recent lesions usually have been 
limited entirely to the intima. That is, they 
differ from the atheromata that were seen be- 
fore 1935 both in their structure and in the 
degree to which they penetrate the wall of 
the arteries. Their more common microscopic 
appearances are illustrated in figure 1 a, b, 
and ¢, 

Since 1935 occasional examples of the 
Moickeberg type of aortic disease still have 
bee. found in mammals. The increased fre- 
que cy of arteriosclerosis in mammals of the 
Phi .delphia Zoo, however, reflects the devel- 
opr nt of intimal thickening in larger or 
sme ‘er foci, with or without lipid deposits, 
in ‘!e aorta and its larger branches, as well 
asi the arteries of the myocardium, the kid- 

the spleen, and other organs. 
ierosclerosis of the aorta and its larger 
hes rarely has contributed to the deaths 

‘1rammals or birds of this zoo. In recent 
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years and chiefly since 1950, however, intimal 
thickening of smaller arteries, particularly of 
the intramural arteries of the heart, has be- 
come a relatively frequent cause of morbidity 
and mortality. Thus, a description of these 
lesions of the coronary arteries, and of the 
conditions under which they have developed 
in both mammals and birds, may be of con- 
siderably more interest than continued con- 
cern with atheromata of the aorta and its 
branches. 

Arteriosclerosis of the coronary arteries 
and associated myocardial damage have devel- 
oped in a wide variety of animals in the Phil- 
adelphia Zoo. The range in body types and 
food habits of these animals may be illustrated 
adequately by citing examples from the rec- 
ords of 9 families of mammals and 5 families 
of birds, which also are among those that have 
had considerable increases in the frequency 
of arteriosclerosis.1 These 14 families and 
their records are listed separately in table 1. 

This list of mammals is headed by the Bovi- 
dae, which are ruminants—buffalo, sheep, 
goats, and antelopes. The second family, the 
Macropodidae, are herbivorous marsupials— 
kangaroos, wallabys, and wallaroos. The 
Capromyidae, third, are large fur-bearing ro- 
dents, and omnivorous, according to the feed- 
ing system of this zoo. 

Three families of primates follow in the 
list. The Cebidae are New World monkeys 
and include squirrel, cebus, spider, and wool- 
ly monkeys. The Cercopithecidae are Old 
World animals—monkeys and baboons. The 
Pongidae are anthropoid apes, represented 
here by gibbons, chimpanzees and orang- 
utans. 

Three families of carnivores complete the 
list of mammals. The Mustelidae include 
mink, skunks, otters, and badgers; the Cani- 
dae, wolves, foxes, and coyotes; and the Feli- 
dae, tigers, lions, leopards, and other cats. 

Birds are represented in this series by 
ducks, geese, and swans—Anatidae; by pheas- 
ants and quail—Phasianidae; by parrots and 
macaws—Psittacidae ; by eranes—Gruidae ; and 
by hawks and related species—Accipitridae. 





Figure 1 
a and b, atheromata of the thoracic aorta of geese (Anatidae) X 200 and X 100 respec- 
tively; e, atheromata of the abdominal aorta of an Impeyan pheasant (Phasianidae) 
X 100; d, cross section through the proximal segment of the left coronary artery of a 
European badger (Mustelidae) X 50; e, cross section through a proximal branch of the 


left coronary at a focus of thrombosis and recanalization: douroucouli (Cebidae) X 100. 
(a through e, Verhoeff’s elastic tissue stain.) 
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Table 1 
Families of Mammals and of Birds in Which Intimal Disease of the Coronary Arteries 
Has Been Associated with Fibrosis and Infarction of the Myocardium Since 1945 


HEART 
Arteries 
surface 


Families: deep 


fibrosis 
Mammals 
Bovidae 13 
Macropodidae 10 
Capromyidae 10 
Cebidae 
Cercopithecidae 
Pongidae 

Mustelidae 


Lar Oo 


Canidae 

Felidae 12 
Totals 96 

Birds 

Anatidae 28 

Phasianidae 13 

Psittacidae 20 

Gruidae 12 

Accipitridae 11 ‘ 5 
_ Totals 84 9 37 


“1S & LS 


Ha 
7) 


Animals listed for each family were selected as examples of coronary disease. In 
half of them arteriosclerosis was associated with damage to the myocardium. 
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frequency of aortie and splenie arteriosclerosis also is shown. 


Birds of the last-named group are carnivores. 
All the others have received a diet designed 
for omnivorous animals. 

Table 1 presents a summary of observations 
of 96 mammals and 84 birds of the 14 groups. 
These examples of coronary disease were col- 
lected between January 1, 1945, and Decem- 
ber 31, 1958. Each animal of this series was 
found to have developed intimal thickenings 
of the coronary arteries that at least equaled 
the thickness of the medial coat of the vessels. 
les ons of this dimension were the require- 
ment for inelusion in the table. 

The first 2 columns of the table show the 
relative frequency with which the deep and 
the superficial arteries of the myocardium 
Wer» involved. Disease of the surface arteries 
alwys was accompanied by disease of the 


int: mural vessels. The reverse obviously has 
hot deen so. 


rr 


fie columns under ‘‘myocardium’’ show 
the *requeney of fibrosis and of infarction in 
this series. A majority of examples of infare- 
tio: were combined with fibrosis of the myo- 
earcium., 
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It also seemed of interest to show in this 
table the relative frequency of atherosclerosis 
of the aorta, and of intimal thickening of the 
arteries of the spleen in this series of mam- 
mals and birds. The last 2 columns list the 
animals by sex. 

About 10 per cent of the mammals and 
birds of this series had developed atheromata 
of the larger coronary arteries. These lesions, 
whether they developed in mammals or in 
birds, corresponded closely in both macro- 
scopic and microscopic appearances to lesions 
of the same sites in man (fig. 1d and le). The 
occurrence of this type of coronary lesion 
does not appear to have been related to the 
size of the animal or to the type of diet. 
Atheromata have been found in the larger 
coronary arteries of animals that ranged from 
large bovines to small monkeys and carni- 
vores, and in representatives of 4 of the 5 
families of birds. The ages of animals in which 
these lesions developed also ranged widely, 
but in a majority of the cases they appeared 
in the older animals. Sex apparently was not_ 
directly related to their development. 
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Intimal thickening of the intramural branches of the coronary arteries in the walls of 
the left ventricle: a, from a crowned crane (Gruidae); b, from a kalege pheasant (Phasi- 
anidae); ec, from-a timber wolf (Canidae); and da, from a snow leopard (Felidae). The 
lesions seen in ec and d were associated with infarction; necrotic muscle lies adjacent to 
the occluded artery in d. All X 200. (a and b. Verhoeff’s stain, ec and d, hematoxylin and 
eosin.) 
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In this series of animals the atheromata of 

e eoronaries have been accompanied by 

yre or less intimal thickening of the smaller 

tramural branches of the arteries, and also 
some instances by sears in the myocardium. 
ie values in table 1, however, show that 
ither fibrosis nor infarction was dependent 
on the occurrence of atheromata in the 
‘ger arteries. In fact, none of the examples 
infarction in this series was associated with 
heromata in the larger arteries. Instead, in- 
nal disease of the deeper intramural arter- 

apparently has been the only cause of 
yoeardial infarction or fibrosis. 

Figures 2 and 3a and 3b illustrate some of 

e variations in the microscopic appearances 
)' the lesions of the smaller vessels, which 
incidentally were essentially the same whether 
in mammals or in birds. Usually they seemed 
to have developed as relatively localized 
changes, often involving short segments of 
the arteries, and ranging from densely cellu- 
lar to almost completely acellular homogene- 
ous lesions. 

Differential stains suggested that the more 
cellular of these lesions were composed of 
fibrous tissue. Less cellular ones contained 
finely divided elastic fibers or fibers that cor- 
responded, in their staining qualities, to elas- 
tic fibers. The more homogeneous lesions 
lacked fibers and nuclei and perhaps are best 
described as ‘‘hyalinized,’’ although oceasion- 
al ones apparently contained lipid droplets. 

The development of these lesions of the 
deeper coronary arteries accounts for both fi- 
brosis and infarction of the myocardium. 
Sections of the hearts of approximately half 
of the mammals and birds that have been in- 
eloded in the table contain one or more foci 
of fibrosis. 

nfarets have been found in about 25 per 
t of the series. Invariably, infarcts in the 
rts of these animals have been multiple 
ll lesions from 1 to 10 mm. in their great- 
diameters and, with few exceptions, vis- 
macroscopically only in the walls of the 
ventricle. 

oronary disease in this series was accom- 
ied by atherosclerosis of the aorta in about 
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25 per cent of the mammals and in about 50 
per cent of the birds. Intimal disease of the 
splenic arteries was found in about half of 
both mammals and birds. These records are 
given simply to illustrate again that arterio- 
sclerosis of the coronary arteries develops in 
a wide variety of animals independently of 
the disease in other sites. 


Discussion 


Improved diets for mammals and birds in 
the Philadelphia Zoological Garden have been 
associated with changes in the character and 
location of arteriosclerotic lesions. The first 
changes were noted within 5 years after new 
diets were introduced. Thus, they may have 
been related to improvement in nutrition. 

More recently, beginning at least 10 years 
after the improved diets started, lesions of the 
coronary arteries have become increasingly 
frequent and severe. This later change has 
been associated with increasing population 
densities in the zoo, and increased breeding 
activity.) 4 Present evidence suggests that the 
increase has been a response to psychologic 
disturbances in the exhibition groups.>* 

The validity of this hypothesis must depend 
upon the results of experimental studies that 
are now under way. Meanwhile, it may be 
noted that intimal thickening and occlusions 
of the distal segments of the coronary arteries 
have been known for many years as a common 
disease of man.*-'!® Moreover, narrowing and 
occlusion at this level of the coronary system 
are well recognized causes of myocardial dam- 
age in man.* !!-13 Recently the lesion also has 
been described in dogs, cats, baboons, and in 
at least 1 ‘‘ape’’—apparently a chimpan- 
zee.1*-18 The present material demonstrates 
that the lesion also may develop in a great 
variety of mammals and birds, and in all of 
them may lead to infarction and fibrosis of 
the myocardium. 

Current discussions of coronary disease of 
man, however, generally have been concerned 
with atherosclerosis of the proximal segments 
of the arteries.1*°° Intimal thickening and 
occlusion of the smaller, intramural branches 
of these arteries often seem to be considered 
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Figure 3 


Intimal thickening in the intramural branches of the coronary arteries in the walls of 
the left ventricle: a and b, male orang-utan (Pongidae) young adult, 18 years of age, 
captive-born in the Philadelphia Zoo. Note in a the perivascular fibrosis and occlusion 
of a lateral branch of the artery. In b atrophy and fibrosis of the myocardium are 
associated with occlusion of 2 smaller arteries; e, d, and e from man, postoperative 
deaths; ¢ and e men. 70 and 68. d women 67 years of age. All X 100. (a through e. 
Verhoeff’s stain.) 
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separate entity, or else are ignored as being 

‘ little or no significance. 

At this time, one opinion attributes this 
| sion of the smaller vessels to inflammatory 

‘ocesses, either of the myocardium, as in 

ieumatic fever, or of more generalized dis- 

rbaneces, as in sensitivity reactions and in- 
ctions.® 71,72 Others have suggested, how- 

‘er, that this lesion is an integral part of the 
\ hole process of coronary arteriosclerosis or 

herosclerosis.?* *4 

According to this second view, intimal 
| 1ickening may be initiated in foci at any and 
al levels of the coronary arteries. The mech- 
iuism by which this is accomplished is un- 

iown, but it may involve fibrosis, elastosis, 
‘idotheliosis, thrombosis, ete.2° 23-25 The prox- 
imal segments of these vessels, by virtue of 
oth size and anastomoses,'! provide space 
und time needed for the development of the 
ore spectacular lesion—atheroma with hem- 
orrhage and thrombosis. More distal branches 
of these arteries undergo occlusion and disap- 
pear into the scar tissue that replaces the 
myocardium, before more conspicuous changes 
iiay take place. 

Observations on lesions of the coronary ar- 
teries of both mammals and birds in the Phil- 
adelphia Zoological Garden support this lat- 
ter opinion. Moreover, concurrent observa- 
tions on coronary arteries of man and a series 
of domesticated animals are in keeping with 
this view (fig. 3c, d, and e). Certainly we have 
found nothing to suggest that coronary dis- 
esse in these zoo animals can be related to 
i fectious disease or to sensitization. If these 

iditions (infections and sensitivity) had 

itributed to arterial disease in these popu- 
ions some of the earlier stages should have 

‘n seen, for the animals listed here are a 

all fraction of the number autopsied since 
1 45. Still, neither thrombosis nor inflamma- 

y reactions in or about arteries have been 

nd. Furthermore, coronary disease was 
<nown in these animals for about a decade 
er improved nutrition had virtually elim- 
ted infectious disease as a cause of mor- 
ity and mortility. This interval suggests, 
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as well, that lesions of the coronary arteries 
have not been related to diets. Nevertheless, 
improved diets apparently have contributed 
to the development of these lesions through 
increased vigor and a more intense response 
of the animals to population densities.’ * 


Summary 


Improved nutrition for mammals and birds 
at the Philadelphia Zoological Garden has 
been followed by continued increases in the 
frequency of arteriosclerosis and by changes 
in the character and location of the lesions. 
During the first decade after diets were im- 
proved the large atheromata of the proximal 
aorta and brachiocephalic arteries of birds 
were replaced by smaller, more compact le- 
sions, usually of the abdominal aorta. At the 
same time many species of mammals devel- 
oped atheromata of the aorta, whereas earlier 
these lesions had been found chiefly in baboons 
and monkeys (Cercopithecidae). 

During the second decade of adequate nu- 
trition, and especially since 1950, arterioscle- 
rosis of the coronary arteries has become 
relatively common in both mammals and 
birds. Usually this lesion has developed in 
the distal, intramural segments of the coro- 
nary arteries, as intimal thickening and oe- 
clusion. Most frequently it has been associated 
with myocardial fibrosis, but it also has led 
to myocardial infarction and sudden death in 
both mammals and birds. Present evidence 
suggests that this lesion reflects a response 
of adequately nourished animals to popula- 
tion densities. 


Summario in Interlingua 

Le meliorate alimentation del mammales e aves al 
jardin zoologie de Philadelphia ha essite sequite per 
un continue augmento del frequentia de arterioscle- 
rosis e per alterationes in le character e in le sito del 
lesiones. Durante le prime decennio post le meliora- 
tion del dietas, le grande atheromas del aorta proxi- 
mal e del arterias brachiocephalic in le aves esseva 
reimplaciate per plus miere e plus compacte lesiones, 
usualmente in le aorta abdominal. Simultaneemente 
multe species de mammales disveloppava atheromas 
del aorta, durante que previemente iste lesiones ha- 
beva oceurrite principalmente in babuinos e simias 
longicaudate (Cereopithecidas). 
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In le curso del secunde decennio de adequate dietas, 
e specialmente depost 1950, arteriosclerosis del arte- 
rias coronari ha devenite relativemente commun 
tanto in mammales como etiam in aves. Usualmente 
iste lesion se ha disveloppate in le segmentos intra- 
mural distal del arterias coronari, in le forma de 
spissification o occlusion intimal. Le plus frequente- 
mente illo esseva associate con fibrosis myocardial, 
sed illo ha etiam resultate in infarcimento myocardial 
con subite mortes in mammales e etiam in aves. Le 
factos que es currentemente cognoscite suggere que 
iste lesion reflecte un responsa de adequatemente nu- 
trite animales al densitate del population. 
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SYMPOSIUM ON REGULATION OF THE 
CARDIOVASCULAR SYSTEM IN HEALTH 
AND DISEASE 


Guest Editor: Lyste H. Peterson, M.D. 





Introduction 


By Lyste H. Pererson, M.D. 


TIS NOW more than 300 years since Har- 
vey described the circulation of the blood. 

Three hundred years is not a long time, but 
it ineludes, according to historians, more than 
90 per cent of the recorded scientific achieve- 
ments of man. During these 300 years enor- 
mous effort has been expended in attempting 
to understand the properties and behavior of 
the cardiovascular system. It is perhaps sig- 
nificant in considering this effort, which was 
participated in by some of the world’s most 
outstanding scientists, that we do not have a 
clue to the etiology of the major diseases of 
the cardiovascular system. Indeed, we cannot 
elaborate a reliable physiologic explanation for 
the cardiovascular response to any of man’s 
stresses, such as exercise for example. 

In sharp contrast to this lack of a satisfac- 
tory concept of how the system works as a sys- 
tem, much is known about the properties and 
behavior of a myriad of the pieces and parts 
that comprise the cardiovascular system (fig. 
1 

\ great stride in understanding the cardio- 

‘ular system would be made if we could 
the pieces together instead of becoming 
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lost among them. Putting pieces together im- 
plies that there is some logical arrangement 
into which they naturally fit. One way in 
which the behavior and properties of the car- 
diovascular system can be organized into a 
logical pattern is with regard to its regulation. 
To do this we must first define what we mean 
by regulation. We have chosen to adopt the 
definition of regulation used by most engi- 
neers, physical scientists, and many biologists. 
I am told that this rigorous definition is also 
applied by many sociologists and economists. 

The principles of a regulated system can be 
illustrated by considering the regulation of 
the temperature of a house. Figure 2 is a 
schematic drawing representing the elements 
of a system that has been designed to regulate 
the temperature of a house. On the left wall 
of the house is a thermo stat, which consists of 
3 basic parts: a device to measure the actual 
temperature of the interior of the house (ther- 
mometer), a device that allows the occupant 
of the house to ‘‘set’’ the desired temperature, 
and a device that will generate some kind of 
signal (e.g., an electric voltage) that is pro- 
portional to the difference between the ‘‘set’’ 
temperature and the real temperature. This 
signal is called the ‘‘error,’’ i.e., the error be- 
tween the real temperature and the set tem- 
perature. The regulatory system is designed 
toward minimizing the error between the ideal 
or set temperature and the actual tempera- 
ture, i.e., to regulate the temperature around 
the ideal value. The error signal from the 
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See text for a possible relationship to the sym- 
posium. 


thermostat then commands or controls the 
heat-producing device (furnace) and the heat- 
dissipating device (window). In this ease, heat 
production is governed by controlling the mo- 
tor that turns the valve, hence determining 
the fuel supply to the furnace. Heat dissipa- 
tion is controlled by the motor that turns the 
gears, thus opening or closing the window. 
Thus, if the temperature is too low, i.e., lower 
than the ‘‘set’’ temperature, the thermostat 
generates an error signal that increases heat 
production and decreases the heat loss, hence 
raising the temperature of the house. Con- 
versely, if the temperature is too high, an er- 
ror signal commands the furnace and window 
mechanisms in such a way that the tempera- 
ture will fall until it reaches the ideal level. 
Thus, it can be seen that the error may be 
either negative or positive and that there are 
mechanisms that can drive the temperature 
up or down. 

There are certain important characteristics 
that must be present in such a system in order 
to establish that a function is regulated by the 
system : 

1. We must identify the character of the 
function that is being regulated. In this case, 
it is the temperature of the interior of the 
house at the site of the thermometer. 

2. The system must possess a mechanism 
for measuring the function that is being reg- 
ulated, i.e., a sensor or receptor is required. 
In this ease, it is a thermometer for measuring 
temperature. 


PETERSO) 


Schema of a temperature-regulating system. Below 
the floor of the house is a tank containing fuel, a 
motor that turns a valve that admits fuel to the 
furnace. Above the window on the right is a motor 
that controls the window. The 2 motors are con- 
nected by wires (indicated by black lines and ar- 
rows) to the thermostat on the left wall of the 
house. See text for a description of the function 
of this system. 


3. The system must possess a device for 
setting the desired value of the regulated 
function. This value is called the ideal or 
‘*set’’ value. In this case, it is the tempera- 
ture level selected by the occupant of the 
house and it is put into the thermostat by the 
setting of a dial. 

4. The system must contain a device for 
comparing the real and ideal value and for 
generating a coded signal that is proportional 
to the difference. 

5. The system must contain devices for 
changing the magnitude of the controlled 
function. In this case, for changing the tez- 
perature of the house, i.e., furnace and win- 
dow. 

6. In such a system all these functions ai 
connected in the form of a closed loop or ci 
cuit. The furnace and window mechanisi 
are connected to the thermostat by wires a 
the thermostat is connected to the furnace a 
windows by the temperature of the air in t 
room. 


7. The system should behave so that if 1 
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OPERATIONAL DEFINITION OF REGULATION SYSTEM, 


MECHANISM FOR MEASURING 
THE VALUE OF THE FUNCTION 


AND GENERATING INFORMATION 


ABOUT ITS VALUE. 


MECHANISM FOR COMPARING 
EXISTING VALUE AND IDEAL 
VALUE OF FUNCTION AND 
GENERATING INFORMATION 
ABOUT THE EXTENT OF THE 
DIFFERENCE (ERROR). 


MECHANISM(S) WHICH DETERMINE THE "IDEAL" 
VALUE OF THE FUNCTION BEING REGULATED * 


VALUE OF THE FUNCTION WHICH IS REGULATED 


MECHANISM(S) WHICH DETERMINE THE 
VALUE OF THE REGULATED FUNCTION, 
THESE MECHANISMS ARE CONTROLLED 
TO CORRECT THE ERROR, 


s 
IN A SYSTEM OF HUMAN DESIGN THE IDEAL ("SET") VALUE IS RELATED TO A GOAL. 
IN A NATURAL SYSTEM THIS VALUE IS A MANIFESTATION OF THE INTERACTION OF THE 
PROPERTIES AND BEHAVIOR OF THE SYSTEM (SOMETIMES CONFUSED WITH TELEOLOGY) 


Figure 3 


Schematic drawing of the general properties of a regulation system in order to emphasize 
its closed loop or circuit aspect. For description, see text. 


magnitude of the regulated function is dis- 
placed from the ideal or set value, the system 
will respond so as to return the magnitude 
toward its ideal or set value. Furthermore, if 
the closed loop is opened or cut, the regulation 
will not persist. 

It should be noted that the function of the 
cireuit or closed loop arrangement of the sys- 
tem is to ‘‘feed’’ the value of the regulated 
variable ‘‘back’’ into the system in such a di- 
‘ection that the value of the variable (e.g., 

mperature) is controlled in such a way as to 
ninimize the error. In other words, the vari- 
able itself is used to furnish the information 

which control of itself is achieved and 
erefore it can be regulated. This form of 
ding back is called ‘‘negative feedback.’’ 
the direction of the feedback is such that 

» magnitude of the error is increased, e.g., 

increasing the output of the furnace when 

temperature rises, the process is called 
sitive feedback. 

“igure 3 is a schema that identifies the as- 

ts of a regulatory system and indicates the 

m of the cireuit or closed loop. Most regu- 


ulation, Volume XXI, May 1960 


“BLACK BOX" 


Figure 4 

Essentials of a “black box.” Only the relationships 
between the input and output are considered. This 
relationship is called the transfer function. The 
mechanisms by which the output and input are re- 
lated (transfer function) are the mechanism im- 
plied in the black box and are indicated by the 
diagonal line. For example, if x = the input, and 
if y = the output, only y = 5x then the black box 
contains a mechanism for multiplying the input by 
5 to get the output. 


latory systems perform their function by 
means of negative feedback. This applies to 
biologie systems as well as man-made systems. 

I should like to emphasize the difference in 
meaning between regulation and control: tem- 
perature is regulated, but the mechanisms 
(such as the furnace and window) for deter- 
mining temperature are controlled. Another 
phenomenon that might be confused with reg- 
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Figure 5 


Schematic drawing of a temperature regulatory system for a house. The function of each 
element or black box according to its number is: 


Input 
Error signal (i) 
. Rotation of fuel valve motor (6,) 
Heat (H) to air , 
Error signal (i) 
Rotation of window motor (6%) 
Heat loss (—H) 
Temperature of room (T) determined 


by the relative amount of heat loss 
and heat production 


- Temperature of room (T) 


go tN 


ND Sos 


. Movement of mercury (X) 


. Coded information indicating temper- 
ature of the room is compared to 
coded information from the ideal tem- 
perature setting box 


. Setting of thermostat dial (X) 


. Distribution of error signal (i) to 
furnace and window motor 


ulation is what might be called ‘‘incidental 
control,’’ e.g., it is widely held that the car- 
bon dioxide tension of the arterial blood is 
regulated and only incidentally, i.e., because 
of the nature of air at sea level, arterial oxy- 
gen tension tends to remain quite constant. 
Thus, the arterial partial pressure of carbon 
dioxide is regulated while that of oxygen is 
incidentally controlled. 

Drawing pictures such as the house in figure 
2 is not always the most convenient way of 
representing a system in which there is inter- 
action of many variables. There are a variety 
of ways, moreover, of schematizing such sys- 
tems with symbols connected by arrows, ¢tc. 


Output 
Rotation of fuel valve motor (6;) 
Heat production by furnace (+H) 
Temperature rise (+T) 
Rotation of window motor (62) 
Heat loss from window (—H) 
Temperature drop (—T) 


Temperature of room (T) determined by 
the relative amount of heat loss and 
heat production 


Movement of mercury in thermometer 
(X) 

Signal that indicates mercury movement 
with respect to temperature (i,) 


Coded information indicating temperature 
of the room is compared to coded infor- 
mation from the ideal temperature set- 
ting box 


Coded information about setting (i,) 


Distribution of error signal (i) to furnace 
and window motor 


I should like to introduce a scheme to this 
symposium that is used by many scientists and 
engineers. The scheme involves the use of what 
are called ‘‘black boxes.’’ A black box is an 
imaginary structure that carries out son 
function without indicating how the functio 
is performed. Thus, only what goes into a 
what comes out of the box are considered. T 
advantage of the concept of the black box 
that it identifies the function being cons 
ered in terms of what it puts out with resp 
to what it takes in, rather than how it does 
Figure 4 represents such a black box. 

The black-box concept also suggests a ve’) 
common technic of scientific thinking. M:: 
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ften a scientist begins his investigation of a 
vstem by considering what it does, i.e., its 
iput and output, rather than by how it does 

. Seientists call the functional relationship 

‘tween input and output the transfer func- 

m. They may also develop their own input 

‘ stimulus, and then measure the system’s 

itput or response to that stimulus. The black 

‘x can represent any scale of nature, e.g., 

om an atom to the universe. It may, for ex- 

uple, represent the furnace in which the in- 
it is fuel and the output is heat, or it may 
present the fuel valve in which the input is 

1 error signal from the thermostat and the 

itput is the degree of opening of the valve. 

igure 5 is an example of how the regulation 
temperature of the house may be repre- 
ented using black boxes. Any number of black 
hoxes can be put into the scheme, depending 
upon the number of elements one wishes to 
consider. The closed-loop arrangement, which 
is one of our requirements of a regulation 
system, is apparent. 

Many functions of the cardiovascular sys- 
tem have been said to be regulated. Some of 
these are indicated in figure 6. It is the pur- 
pose of this symposium to examine certain of 
these concepts in the light of today’s knowl- 
edge, 300 years after Harvey, and to see how 
the pieces fit together—which pieces are miss- 
ing and to consider whether, indeed, these 
funetions are regulated. The considerations 
are all germane to our basie understanding of 
normal and abnormal cardiovascular fune- 
tions. 

I have been asked to act as a moderator; I 
ain not sure how a moderator fits into the 

hema of regulation. An analogy that trou- 

es me is that the nerve bundles coming from 
aortic arch and carotid sinus regions have 
en ealled moderator nerves, but they have 
so been ealled depressor nerves; to avoid 
e latter function, I shall merely serve to in- 
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Schematic drawing to indicate the position of var- 
ious aspects of the cardiovascular system, which 
forms the subject of this symposium, within the 


definition of regulation. 


troduce the subject of this symposium and 
complete my role as moderator by outlining 
the schedule of the symposium. 


Summario in Interlingua 

In su remareas de introduction al presente sympo- 
sio super le regulation del systema cardiovascular, le 
autor lista le characteristicas que debe esser presente 
in un systema particular ante que on pote asserer que 
un function particular es regulate per ille systema. 

1. Nos debe identificar le natura del function que 
se trova sub regulation. 

2. Le systema debe posseder un mechanismo pro 
le mesuration del function que se trova sub regula- 
tion, i.e., un sensor o receptor es requirite. 

3. Le systema debe posseder un dispositivo pro 
fixar le desirate valor del function que se trova sub 
regulation. Iste valor es le ‘‘valor ideal.’’ 

4. Le systema debe continer un dispositivo pro 
ecomparar le valor real e le valor ideal e pro generar 
un signal cifrate que es proportional al differentia 
inter le duo. 

5. Le systema debe continer dispositivos pro al- 
terar le magnitude del function sub regulation. 

6. In un tal systema, omne le mentionate functiones 
es connectite in le forma de un cireuito claudite. 

7. Le systema debe comportar se de maniera que 
quando le magnitude del function sub regulation es 
displaciate ab le valor ideal, su responsa resulta in 
le retorno de ille magnitude a su valor ideal. In plus, 
si le cireuito es aperite o disrumpite, le regulation 
non pote persister. 

In iste senso, multe funetiones del systema eardio- 
vascular ha essite considerate como regulate. Un lista 
de tales es presentate per le autor, incluse illos que 
forma le themas individual del presente symposio. 





Regulation of the Heart’s Functions 
By Ropert F. RusHMeEr, M.D. 


HE SIGNIFICANCE of cardiovascular 
ten extends beyond considerations 
of normal function and control. Primary de- 
rangements of various cardiovascular control 
mechanisms represent an important and per- 
plexing group of disease entities confronting 
the physician in his daily practice. The vari- 
ous types of regulating mechanisms being 
discussed in this symposium constitute a ra- 
tional classification of those clinical problems 
that are produced by distortion or abnormali- 
ties of control. For example, abnormal control 
of heart rate is involved in the extravagant 
tachycardia that occurs with neurocirculatory 
asthenia and other manifestations of psycho- 
logic instability. Both primary and secondary 
systemic arterial hypertension involves ab- 
normalities in blood pressure control. Ortho- 
static hypotension represents a failure of the 
normal peripheral vascular response to aris- 
ing. A more specific defect in fine control of 
peripheral vasculature occurs in Raynaud’s 
disease. The regulatory mechanisms that influ- 
ence erythropoiesis may produce anemia at 
one extreme and polycythemia at the other. 
The control of blood volume and of total body 
fluids must be deranged when patients with 
advanced cardiac disease develop peripheral 
vascular congestion and edema. 

In addition to primary disturbances of con- 
trol mechanisms, physicians must be alert to 
changes in control systems induced by various 
organic disease states. Consider a patient with 
severe aortic insufficiency. In spite of volumi- 
nous uneontrollable regurgitation of blood 
during each cardiac cycle, the net forward 
flow of blood through the arterial system is 
generally within the range of normal values 
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so long as the heart remains compensate: 
Similarly, the cardiac output tends to b 
maintained even after large portions of th 
ventricular myocardium have been replace 
by sear tissue after severe coronary occlusioi 
On the other hand, hyperthyroidism or enc 
tional states may impose sustained loads o 
the hearts of patients that are unrelated t 
disease of the cardiovascular system. Fro: 
this point of view it becomes imperative the 
the basic control mechanisms of the cardiovas 
cular system be as fully understood as possibl: 


Cardiac Control 


If we consider control of the heart in terms 
of the definition and example proposed by Dr. 
Peterson, many essential pieces of information 
are missing. Since the heart is a pump, its 
control must take the form of adjustments in 
the heart rate or stroke volume or both. If the 
cardiac output is regulated by a sensing ele- 
ment that provides an error signal whenever 
the cardiac output varies from some set value, 
we cannot at present identify the flow-sensing 
mechanism; we do not know the mechanism 
by which the resting levels are ‘‘set’’ nor can 
we describe in any detail the afferent pathi- 
ways or coordinating centers for the appro- 
priate reactions that maintain resting cardiac 
output. It is tempting to assume that the nor- 
mal resting cardiac output represents the level 
to which heart rate and stroke volume wou!d 
tend if all controls were removed. This con 
cept does not appear applicable to the regu- 
lation of resting heart rate, which is the re- 
sultant of the mutually antagonistic effects 
sympathetic and parasympathetic nerves ‘0 
the pacemaker region. The parasympathe! 
effects are generally regarded as dominant, -» 
that section of both sets of nerves leads to 
faster heart rate than the normal resti 
value. Moreover, the cardiac index at r 
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Figure 1 
In a simple hydraulic system, the perfusion pressure can be maintained within narrow 
limits by a servo-control system that produces appropriate changes in pump output to 
balance any net changes in peripheral resistance or vice versa. The correspondence be- 
tween this basic pattern and the pressoreceptor mechanism is illustrated. 


tends to be about the same for subjects with 

either rapid or slow heart rates. In other 

words, a relatively slow heart rate is associated 

with a relatively large stroke volume and vice 

versa. If this is the case, the cardiac output 

m:y be regarded as ‘‘set’’ in terms of some 

ot er eriteria, i.e., peripheral tissue require- 
its. 

‘he flow of blood through peripheral tissues 

\ cht be regulated to maintain a constant en- 

mment for the various cells. Such regula- 

1 might involve chemoreceptors in the sys- 

i¢ veins to monitor oxygen content of ve- 

s blood to provide sensing elements for 

per adjustment of peripheral flow distri- 

ion and eardiae output. Such adjustments 

ld be truly applicable only to those tissues 

vhich blood flow is dependent upon meta- 
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bolic rate and oxygen consumption, i.e., skeletal 
muscle. No chemoreceptors have been demon- 
strated in the various systemic veins thus far. 
Since skin serves an essential function in heat 
exchange, proper sensing elements to ‘‘set’’ 
blood flow through the subcutaneous tissues 
would be some form of temperature receptors. 
What would be the most appropriate sensory 
elements to monitor renal blood flow, gastro- 
intestinal perfusion or circulation through 
glands? We have not found such receptors as 
might be required for these purposes. Indeed, 
in many instances we would not even know 
what to look for. 

The traditional view of cardiac output regu- 
lation revolves about a mechanism for main- 
taining systemic arterial pressure to provide 
an effective balance between peripheral blood 





co 
120+ 
90} 


75+ 
60+ 


CUMULATIVE WORK | 


LEFT VENTRICULAR PRESSURE 
20 f-} ids we wr 
100 { i 
80> 
60> 
ad 
> i I 
‘ LEFT VENTRICULAR DIAMETER - 

Scare EaTiMe Sees Switew 
— i , 


+. i 

om ftw 
Aste: 

nu hg Ae ft 

DIASTOLIC PRESSURE 


RUSHMER 


SwiTOn Any — Runa 
+ + 


Figure 2 
Changes in left ventricular performance of a healthy dog (28 days postoperative) under 
varicus conditions are illustrated; A, startle reaction from a loud noise; B, eating re- 
sponse; C, confronted with the switch that actuates the motor driven treadmill; D, ex- 
ercise at 3 m.p.h. on a 5 per cent grade; K, repeat exercise with a record at high paper 
speed (50 mm./sec.) interposed in the middle of the response. Note that under many 
different circumstances, elevated systolic ventricular pressure is accompanied by tachy- 


cardia. 


flow and cardiac output. The basic principles 
of this regulation are illustrated in figure 1. 
If the perfusion pressure is maintained con- 
stant by means of servo-control, any net 
change in peripheral flow is promptly coun- 
tered by the appropriate increase in cardiac 
output. The distortion receptors in the carotid 
sinus and aortic arch could serve as appro- 
priate sensory elements to monitor systemic 
arterial pressure. Theoretically, changes in the 
discharge frequency along the nerves from 
the pressoreceptors influence medullary ear- 
dioregulator centers, so that any reduction in 
arterial pressure would be promptly coun- 
tered by the proper degree of tachycardia and 
compensatory vasoconstriction in inactive tis- 
sues to maintain systemic arterial pressure 


within a narrow range. The pressoreceptor 
mechanism has received a great deal of atten- 
tion, since it is the only neural feed-back loop 
for cardiovascular control that has been de- 
scribed in some detail. Whenever this mecl- 
anism plays a dominant regulatory role, tachy- 
cardia should be associated with any reduction 
in mean systemic arterial pressure. Eleva‘ed 
systemic arterial pressure should be accom- 
panied by bradycardia. On the contrary, ar- 
diovascular responses of intact dogs during 
spontaneous activity frequently display tac sy- 
cardia during elevation of systolic ventricu': 
pressure (fig. 2). Other studies have indica‘: 
that these conditions are also frequently cl 
acterized by increased mean arterial presste. 
Apparently the sympathetic discharge to 


Circulation, Volume XXI, May 





‘“MPOSIUM—CARDIOVASCULAR REGULATION 747 


rt under these conditions overrides the 
, ssoreceptor mechanism. Under these condi- 
ns, the arterial pressure controls cannot be 
‘ulating cardiac output. Dr. Peterson will 
sent additional information regarding this 
ortant mechanism. 
\ecording to traditional concepts, a mech- 
an sm for adapting the stroke volume to the 
:eulatory requirements was embodied in the 
lergth-tension relationships of the myocar- 
dim, and no external control need be postu- 
lated. This mechanism is clearly dominant in 
isolated or exposed hearts under experimental 
conditions. Similarly, increased stroke volume 
ani stroke work accompany increased diastolic 
distention in intact animals during the transi- 
tion from the standing to the recumbent po- 
sition. 2, However, other forms of cardiovas- 
cular adjustments appear to be initiated pri- 
marily by inereased discharge of sympathetic 
nerves to the heart and peripheral vasculature. 
In a dog that is familiar with treadmill exer- 
cise, confronting him with the switch that 
turns on the motor-driven treadmill will char- 
acteristically induce changes in left ventrien- 
lar performance that simulate those produced 
by the running at 3 m.p.h. on a 5 per cent 
grade (fig. 2C). The left ventricular response 
to this treadmill exercise generally involves a 
prompt elevation in left ventricular systolic 
pressure accompanied by an equally abrupt 
tachyeardia.*: 4 In the particular example pre- 
sented in figure 2, the systolic ventricular 
pressure was elevated when the treadmill 
switch was presented but not during the exer- 
tion. Thus an inappropriate stimulus pro- 
duced a more typical response in figure 2C 
than did the appropriate stimulus in figure 
2D and 2H. The left ventricular response to 
treadmill exercise at 3 m.p.h. on a 5 per cent 
gra.le can also be quite precisely duplicated 
by -leetrical stimulation in 2 discretely local- 
ize’ sites in the diencephalon (in the He field 
of | orel and the periventricular gray matter). 
The response can be elicited by very weak 
stir ulation without movement by the animals 
Wit! or without anesthesia.*: 4 


T \e initiation of changes in circulatory pat- 
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tern by increased discharge from the higher 
levels of the nervous system does not neces- 
sarily constitute a regulatory mechanism un- 
der the definition presented by Dr. Peterson, 
since no sensing mechanisms, setting mechan- 
isms, or feed-back loops have been implicated. 
(This is analogous to the occupant of the 
house resetting the thermostat.) Adjustments 
in the cardiovascular system initiated volun- 
tarily or from higher levels of the nervous sys- 
tem might more appropriately be regarded as 
control rather than regulation. When a dog 
exercises for the first time on the treadmill, 
virtually all the recorded parameters tend to 
display an overshoot for 10 or 15 seconds and 
then settle down to a fairly constant level. 
However, by the third or fourth bout of exer- 
cise, this tendency to overshoot largely or com- 
pletely disappears. This looks like modulation 
of an excessive cardiovascular response by un- 
known regulatory mechanisms. 


Summary 


If a regulating system consists of a mech- 
anism for sensing the essential parameters, 
detecting deviations from a ‘‘set’’ value, and 
initiating corrective action, then the arterial 
pressure-regulating mechanism is the only 
regulating system described for the circulation 
in any detail. This mechanism appears to be 
important in maintaining a level of mean ar- 
terial pressure within a narrow range. It does 
not appear, however, to play a dominant role 
in adjusting the level of the circulation to 
meet spontaneously changing circulatory de- 
mands under many circumstances. During 
spontaneous activity by intact dogs, an in- 
erease in systolic ventricular pressure (and 
mean arterial pressure) is frequently accom- 
panied by tachycardia as though some other 
mechanism were overriding the pressoreceptor 
mechanism. Thus, it appears that the circula- 
tory system as a whole is largely controlled by 
neural mechanisms, usually initiated by 
higher levels of the nervous system. Very little 
is known of the sensory limbs of reflex ares 
that can serve to regulate the cardiovascular 
system as a whole. 





Summario in Interlingua 


Si un systema regulatori pote esser definite como 
un mechanismo que percipe le parametros essential 
del processo a regular, que detege deviationes ab certe 
valores establite pro ille paramentros, e que initia 
actiones corrective quando tales es indicate, alora le 
mechanismo del regulation de tension es le sol sys- 
tema regulatori in le complexo del circulation que ha 
essite describite in detalio. Iste mechanismo pare 
esser importante pro mantener le nivello medie del 
tension arterial intra strictissime limites. Tamen, illo 
non pare haber un rolo dominante in adjustar le nivello 
del circulation in responsa a spontaneemente alterate 
requirimentos circulatori sub varie circumstantias. 
Durante spontanee activitates per canes intacte, un 
augmento del tension ventricular systolic (e del ten- 
sion arterial medie) es frequentemente accompaniate 
de tachyeardia, de maniera que on ha le impression 
que un altere mechanismo se impone con vigor supe- 
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rior super le mechanismo pressoreceptori. Assi il p: 
que le systema circulatori in su totalitate es regul: 
in grande mesura per mechanismos neural que 
usualmente initiate per nivellos plus alte del syste 
nervose. Pauchissimo es cognoscite del circuitos s 
sori o del areos reflexe que pote servir a regular 
systema cardiovascular in su totalitate. 
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Regulation of Blood Vessels 


By Lyste H. Peterson, M.D. 


i FVHE CARDIOVASCULAR system serves 
the biologic organism as a transportation 

id mixing system. The demand by the or- 
- anism for this service varies in different tis- 
sies and at different times while the volume 
« blood in the organism tends to remain con- 
sant. The cardiovascular system fulfills its 
{ inetion, therefore, by varying the rate and 
i.e distribution of blood flow. Blood vessels 
; ay a major role in controlling the rate of 
flow of blood by affecting the resistance to 
flow, and they possess the entire responsibility 
for the distribution of the blood and its flow 
pathways. The primary aspect of blood vessels 
that affects the flow and distribution of blood 
is their caliber, i.e., their internal radius. This 
discussion will deal primarily with the factors 
that control the caliber of blood vessels and 
with the role of these factors in the regulation 
of the circulation of blood. 

The concept of control of the caliber of 
blood vessels by the nervous system is rela- 
tively new. Moreover, the mechanisms by 
which the caliber of blood vessels vary as a 
result of nervous influences are only begin- 
ning to be understood and evaluated. Indeed, 
the youthfulness of many of our concepts of 
physiology and medicine is so striking that I 
cannot avoid mentioning it. 

As late as 1831, Dr. E. Weber, a well-known 
German physician, said, ‘‘I believe that flush- 
ing and pallor could be explained if it could 
): taken for granted that the caliber of arter- 
ics becomes larger and smaller under nervous 
ii duence.’’? Only slowly has evidence begun 

accrue during the past century that sup- 

rts the idea of nervous control of the heart 

d blood vessels. It was not until after the 
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Civil War that Ludwig and Cyon noted that 
stimulation of the central end of the aortic 
nerve causes bradycardia and hypotension, 
and it was 65 years later, in 1927, that Her- 
ing described similar effects following stimu- 
lation of the carotid sinus nerve. Subsequent- 
ly, interest in the reflex regulation of the 
cardiovascular system expanded rapidly. 

In the 1930’s Heymans and his co-workers 
extended Hering’s observations with a series 
of experiments that established that receptor 
areas lying outside of the central nervous sys- 
tem are sensitive to the behavior of the cardio- 
vascular system and reflexly, through the 
central nervous system, control the behavior 
of the cardiovascular system in such a way 
that the behavior seemed to be regulated. 

Also in the 1930’s, Bronk became interested 
in these receptors and, with his colleagues, 
obtained records of the electrical activity of 
the nerve fibers arising from the carotid sinus, 
aortic receptors, and mesenteric Pacinian cor- 
puscles. He stated, ‘‘It is their function to 
signal changes in blood pressure, and it is the 
function of their afferent fibers to provide a 
means of communication between these recep- 
tors and the central nervous system. Thus 
the centers are kept informed regarding the 
pressure within the blood vessels.’’! Heymans 
began a lecture? with, ‘‘ For many years phys- 
iologists have been and are still occupied with 
the study of the mechanisms which regulate 
blood pressure. A precise and detailed knowl- 
edge of the regulation of pressure is the key, 
not only to the physiology of the normal cir- 
culation, but perhaps also to the pathogenesis 
of chronic arterial hypertension.’’ 

The concept developed quite naturally and 
has subsequently been widely held that arte- 
rial blood pressure is the function that is reg- 
ulated through these receptors. This regula- 
tion of blood pressure is generally considered 
as an established principle of cardiovascular 





Figure 1 
Electrical impulses from a single nerve fiber of a 
carotid sinus receptor together with a tracing of 
intraarterial blood pressure. (Reproduced by per- 
mission of the publisher and the authors from 
Bronk and Stella (1932).1) 


physiology. Figure 1 illustrates the well- 
known relationship between arterial blood 
pressure and receptor activity that Bronk and 
his co-workers found and that did much to 
establish the concept of blood pressure regu- 
lation. 

Figure 2 is a schematic diagram, using the 
definitions stated in the introduction, which 
illustrates the concept of arterial blood pres- 
sure regulation. On the right of the diagram 
are the mechanisms that control blood pres- 
sure. Within each black box lies a mechanism 
that is considered to be a prime variable. The 
impulse traffic of the efferent nerves (I,) 
arises from the central nervous system and 
commands, by mechanisms implicit in the 
black boxes, changes in peripheral resistance, 
stroke volume, and pulse rate. Thus, the prod- 
uct of stroke volume and pulse rate gives car- 
diac output, and the product of cardiac out- 
put and resistance gives blood pressure. These 
are among the elementary relationships that 
have been taught to every medical student 
for many years. In the top center of the dia- 
gram is the black box indicating that intra- 
arterial pressure causes a response in the af- 
ferent sensory mechanism (‘‘pressure recep- 
tors’’) such that impulses of the afferent 
nerves travel to the central nervous system, 
thus transmitting information about pressure 
(1,). On the left, the integrating mechanism, 
located within the central nervous system, is 
supplied with information regarding the level 
of blood pressure and in turn sends out effer- 
ent information in order to maintain the blood 
pressure at some ideal value—the ‘‘normal’’ 
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blood pressure. Experimental work has esta] 
lished the apparent existence of each of thes 
black boxes with the exception of that relate: 
to the establishment of an ‘‘ideal value’’ fo 
pressure. Also, the organization of the blac 
boxes into a closed loop that is linked togethe 
as shown seems reasonable. Thus, the conce} 
of arterial blood pressure regulation seem 
to be established. 

Many of the workers who have develope 
and perpetuated the concept of arterial bloo 
pressure regulation realized that the so-calle: 
pressure receptors were not really stimulate: 
by pressure directly, but rather by th 
stretching of the vessel wall as a consequence 
of intravascular presstire. They apparent), 
thought, however, that vessel-wall stretch and 
intravascular pressure were related in such : 
manner that the 2 variables are equivalent. 
Furthermore, the concept of arterial blood 
pressure regulation may be considered to be 
a more general or important function, and a 
more easily measured function than vessel- 
wall stretch. 

In the 1940’s, some experiments directed 
attention specifically to the relationship of 
the vessel-wall stretch and the nervous output 
of receptors lying within the vessel wall. 
Hauss, Kreuziger, and Asteroth, in Germany, 
encased the carotid sinus with a rigid cement, 
thus preventing stretch of the carotid sinus 
when the blood pressure was increased, and 
thereby eliminated the reflex response to the 
increased pressure.* Also, Palme, working in 
Germany in the 1930’s, applied epinephrine 
directly to the wall of the sinus and noted a 
marked fall in systemic blood pressure.* Ile 
also stimulated efferent fibers innervating thie 
carotid sinus and obtained similar resulis. 
Palme concluded that the reflex effects ob- 
tained by him were due to direct stimulatic: 
of the receptors by the efferent nerves, : 
though it might have been concluded that t!: 
efferent nerve activity altered the properti 
of the vessel wall and that this alteration, 
turn, affected the stretch of the receptors f." 
a given pressure. 

Heymans® and Landgren® and their respe 
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CONCEPT OF PRESSURE REGULATION 


Figure 2 
Schematic diagram representing the concept of blood pressure regulation. C.O. = cardiac 
output, S.V. = stroke volume, P.R. = pulse rate, I, = efferent autonomic nervous infor- 
mation, I, = afferent nervous information arising in the receptors and traveling to the 


central nervous system. 


tive colleagues, and many others, have since 
applied a great variety of substances to the 
wall of the carotid sinus and the general con- 
clusion has developed that the reflex changes 
that oceur, but that are not due to blood pres- 
sure variation, are due to changes in the 
properties of the vessel wall, i.e., that the wall 
becomes more or less distensible. Heymans 
ublished a paper® in 1951 entitled, ‘‘New 
pects of Blood Pressure Regulation’’ and 
the summary he stated, ‘‘These experi- 
its show that the state of contraction and 
‘s the resistance to stretch of the arterial 
“\l where the receptors are located are the 
' mary, factors effecting the receptors which 
ulate systemic pressure.’’ 
uring this period also many other char- 
eristies of the receptors were discovered.® 
‘example, it has been found that the traffic 
nerve impulses arising in these receptors 


dation, Volume XXI, May 1960 


is a function of the rate of change of pressure 
as well as of the pressure itself. This implies 
that the pulsatile nature of arterial pressure 
is an essential aspect of normal cardiovascular 
regulation. This may be of importance in the 
use of extracorporeal bypass-pumps to main- 
tain the circulation during heart surgery, 
since the normal pulsatile nature of the arte- 
rial pressure is reduced or absent. 

Our definition of regulation states that 
there must be some mechanism for determin- 
ing the magnitude of the function that is be- 
ing regulated. The concept of blood pressure 
regulation can only be valid if there are re- 
ceptors that measure pressure ; yet it has been 
shown that the activity of these receptors is 
related to vessel-wall stretch and to the rate 
of change of stretch rather than to pressure 
and its rate of change. This distinction be- 
tween stretch receptors and pressure receptors 





BAROCEPTOR FUNCTION IN HYPERTENSION 


(MEAN) 


Figure 3 

Neurograms from multifiber preparation of carotid 
sinus nerve of (A) normotensive and (B) hyper- 
tensive dog during standard endosinus pressure 
stimulus. It can be noted that the activity of the 
receptors of the normal dog appears to be signifi- 
cantly less than that of the hypertensive dog al- 
though ‘the pressure within the 2 sinuses is being 
made to vary in the same way. Breaks in top ref- 
erence line at 1-second intervals. (Reproduced by 
permission of the publisher and the authors from 
McCubbin, Green, and Page (1956).7) 


is of importance if the factors that relate 
vessel stretch and blood pressure are also var- 


iables under physiologic and pathologic cir- 


cumstances. 

The relationship bétween intravascular 
pressure and the circumference of the vessel 
wall is determined by the mechanical prop- 
erties of the blood vessel wall. These proper- 
ties are commonly referred to as vessel-wall 
tone or stiffness. It has been shown, as men- 
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tioned above, that these properties can |» 
altered by placing vasoactive substances, suc \ 
as epinephrine, acetylcholine, and nore} 
nephrine on the carotid sinus wall and | 
stimulating the efferent nerves supplying ti ° 
carotid sinus. The obvious question is, ho) 
ever, do these mechanical properties vai 
under natural circumstances? Certainly the: 
is evidence that arteries become stiffer wit 
age and in certain diseases. It is also know 
that most blood vessels of the body constri 
and dilate under a variety of physiologie co: - 
ditions, and it is not unreasonable to suppo 
that the receptor-containing vessels share 
these changes. Moreover, it is known that 
hypertension the properties of arteries (e.g, 
water and electrolyte content) change, the 
is vascular constriction, and the constituen 
of connective tissue may also change. A\- 
though there is every reason to suspect that 
many physiologic and pathologic conditions 
may affect the properties of the receptor-con- 
taining blood vessels, little research has been 
done in this regard. 

One interesting series of experiments has, 
however, shown that the relationships between 
arterial blood pressure and traffic of the re- 
ceptor impulses of the carotid sinus change 
during the development of renal hypertension. 
In 1955, MeCubbin, Green, and Page’ pro- 
duced hypertensive dogs by wrapping their 
kidneys. Figure 3 shows representative data 
taken from one of their publications. Note 
that the receptor nerve-impulse output with 
respect to pressure is significantly reduced in 
the hypertensive animal as compared to the 
normal dog. Since this receptor activity acts, 
via the central nervous system, to tend to re- 
duce blood pressure, it can be concluded th: 
there is less depressor activity of the arteria 
blood pressure in the hypertensive anim: 
than in the normal animal. Thus, the pressur¢ 
could be expected to be increased in the bh 
pertensive animal as a result of a change 
carotid sinus-receptor behavior. It can al 
be concluded that this change in behavior 
associated with changes in the mechani 
properties of the sinus wall. It may also 
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{iat in such hypertension states the integrat- 
g mechanisms of the central nervous system 

) ay be altered or the properties of the cir- 

« uation control mechanisms may change. In- 

(eed, the present medical director of the 
merican Heart Association and his colleagues 
‘oduced sustained hypertension in dogs by 
casing the carotid sinuses in plastic jackets 
iat restricted pulsation of the sinus wall.* 

| ossible changes in cerebral blood flow as- 

. ciated with these studies, however, compli- 

cite the interpretation of the findings. In 

/ ny ease, the cardiovascular regulatory mech- 

«aism probably plays a vital role in the be- 

| avior of the cardiovascular system in health 

aad disease. Clearly, however, the subject 
merits further investigation. 

It is obvious that before this entire problem 
‘an be properly investigated and evaluated, 
it is necessary to understand and to be able 

) measure, quantitatively, the mechanical 

‘roperties of blood vessel walls that relate the 

‘aliber or stretch of the wall and the intra- 
‘ascular pressure. 

Recently methods have been devised for 
measuring these mechanical properties of 
blood vessels. In brief, the principle can be 
illustrated as in figure 4. The uppermost fig- 
ure represents a solid strip of material, e.g., 
a strip of blood vessel wall. T represents a 
tension stress (foree per unit area) tending 
to stretch the material. 1, represents the initial 
length of the material before it is stretched 
and the shaded areas represent the increase 
in length that occurs when the tension is ap- 
plied. Here the elongation of the material is 
a funetion of the amount of tension applied. 

ut since the amount of elongation is also a 

inction of the initial length of the material, 

e ratio of the increase in length to the initial 

ngth is measured instead of simply the total 

mgation. This ratio is called strain. 

ie ie Change in length = total Al 
Initial length lL, 

“he mechanical properties of this material 
at are of interest to us are those that de- 
rmine the relationship between strain and 

© ress, stress being the amount of tension ap- 
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Figure 4. 

Uppermost figure represents a solid strip of mate- 
rial. T = tension = force/area = stress applied to 
stretch, the material whose initial (unstretched) 
length is l,. The change in length (Al) results from 
the application of the stress. The middle figure is a 
cylinder analogous to a blood vessel. d@ is a small 
angle cutting a section of the wall. r is the radius 
of the cylinder. The small section cut from the wall 
of the cylinder is shown in the lowest figure. P = 
the pressure acting toward the wall, T = the ten- 
sion tending to stretch the wall, a = the length of 
the arc, 1 = the length of the section, § = the wall 
thickness. The relationship between T and P is 
T=P(0/6)? 


plied to the material which in this case is re- 
lated to the intraarterial blood pressure. If 
the material is purely elastic, i.e., has only 
the property of elasticity, then the relation- 
ship of stress to strain is given by 

Stress = (E) (Strain) 
in which E£ is ealled the modulus of elasticity, 
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the elastic stiffness or elastic resistance to 
stretch. Steel, for example, has a very high E 
whereas rubber has a much lower E. The E 
of arteries is similar to that of rubber. 

Probably no real material is purely elastic. 
Certainly blood vessel walls are not purely 
elastic, rather they are viscoelastic. Viscosity 
is a quality often associated with molasses 
and is similar to friction; therefore, the blood 
vessel walls have, in addition to the elastic 
resistance to stretch, a resistance to stretch 
that depends upon how rapidly the stress is 
applied. Therefore, in the case of a viscoelas- 
tie material 


Stress = E (Strain) + R (Rate of strain) 
in which R is the modulus of viscosity. Mate- 
rials also have the property of mass or inertia. 
It has been found, however, that, under living 
conditions, the effective inertia of blood ves- 
sels is negligible and does not appreciably 
contribute to their stiffness or resistance to 
stretch.® 


The cylinder shown in the middle of figure 
4 represents a blood vessel in order to illus- 


trate the fact that the wall of a blood vessel 
is circular rather than lineal as shown above. 
Furthermore, it may be seen that the pressure 
acts radially, ie., from the direction of the 
center of the cylinder, whereas the tension 
that stretches the wall is circular, i.e., in a 
different direction. The lower figure repre- 
sents a piece cut from the wall of the cylinder 
to show the difference in the direction of the 
pressure stress and the tension stress. It can 
be shown that the 2 stresses are related by the 


radius of the cylinder and the wall thick- 
ness.® 


Radius 

Wall thickness 

Thus, for the same internal pressure the 
stretching tension would be relatively small 
for a vessel of small radius and large wall 
thickness, and, conversely, for a vessel of 
large diameter and small wall thickness the 
tension would be relatively large for the same 
pressure. These relationships are important 
to an understanding of the properties of blood 
vessels, e.g., it is necessary to know the radius 


Tension = Pressure X 
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and wall thickness in addition to the pressure 
and strain if one wishes to compute the elas- 
ticity and viscosity of a blood vessel wall. 

The often-used nouns, tone or stiffness of. 
arteries can, therefore, be rigorously defined 
in terms of 2 mechanical properties, elasticity 
and viscosity. There are important distinc- 
tions between these 2 properties as they affect 
the stiffness of blood vessels. The elastic prop- 
erty is somewhat simpler in concept. It is 
analogous to the property of an ideal spring, 
in that its stiffness is independent of how 
rapidly it is stretched. The viscous property 
is analogous to viscosity of liquids; therefore, 
its contribution to stiffness does depend upon 
how rapidly the material is stretched. A visco 
elastic blood vessel is therefore stiffer if pres 
sure changed rapidly than if it changed 
slowly. Thus, the stiffness or tone of such a 
vessel would depend upon the rate of change 
of pressure during the cardiac cycle, i.e., upon 
the shape or contour of the pressure pulse. 

The magnitudes and behavior of these 
properties of arteries in living, intact animals 
have been measured by simultaneously meas- 
uring the instantaneous intra-arterial pres- 
sure and vessel dimensions. The data were 
then analyzed by means of automatic com- 
puters. Thus, it has recently become possible 
to measure quantitatively and to define the 
‘‘tone’’ or stiffness of arteries, which are their 
most important properties.® 

Figure 5 illustrates, for example, the rela- 
tionship between common carotid arterial 
diameter and pressure during each cardiac 
eycle before and after the application of nor- 
epinephrine to the vessel wall. Although the 
local application of norepinephrine did not 
change the systemic intravascular pressure, 
the average diameter and the pulsatile chang: 
in diameter which accompanies each pressure 
pulse cycle was reduced. This indicates a stiff- 
ening of the arterial wall caused by the ap- 
plication of norepinephrine. Analysis of such 
records has shown that norepinephrine can 
cause an increase in both the elastic and vis 
cous stiffness of arteries by as much as 10 
times. 
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Figure 6 illustrates the opposite effect that 
lows the application of acetylcholine to 
e wall of an artery. Here the magnitude 
the average diameter and of the diameter 
ilsations are increased with respect to pres- 
re, indicating a reduction in stiffness. Anal- 
is has shown that, in arterial dilatation, 
a though the elastic stiffness is reduced, the 
scous stiffness is increased. 
Such studies have emphasized several inter- 
ting characteristics of arteries under living 
«ditions. It is sometimes thought that the 
' ameter of arteries changes visibly and pal- 
ibly during the cardiae cycle. For example, 
at palpation of the pulse is palpation of a 
‘hanging vessel diameter. We have found, 
wwever, that the change in diameter, asso- 
ciated with a cardiac cycle, of even the largest 
and most distensible arteries of the body is 
very small. In most cases it is only 1 or 2 per 
cent of the average diameter. Thus, when one 
palpates an arterial pulsation, it is really the 
pressure changes that one feels rather than 
the dimensional changes of the vessel. Even 
though these latter changes are small, rela- 
tive to the size of the vessel, their effect on 
the properties and behavior of the circulatory 
system is great. A slight change in diameter 
represents a larger change in the cross-sec- 
tional area of the vessel (area of a circle is 
proportional to the square of the diameter) 
and a change in the area produces a relatively 
larger effect on the resistance to blood flow. 
These small changes in diameter are also 
great enough to cause the receptors lying 
within the walls of blood vessels to have their 
characteristic discharge. It has been found 
that the elastic and viscous properties of ar- 
teries ean undergo 10-fold variations and also, 
herefore, that the caliber and stretch of ves- 
els undergo equivalent changes with respect 
blood pressure. 
"igure 7 is an illustration of the simulta- 
Jus measurements of intracarotid-sinus 
) essure, carotid sinus diameter, and carotid 
us receptor electrical activity that are be- 
i)» studied in our laboratory. Although these 
‘estigations are in a preliminary stage, they 
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EXTERNAL APPLICATION 
OF N-EPINEPHRINE 


Figure 5 


Relationships detween intraarterial blood pressure 
and artery diameter at the same site. Upper trac- 
ing is vessel diameter, calibration of diameter on 
far left; left section obtained during the control 
period, right section following the localized appli- 
cation of norepinephrine to the vessel wall. Lower 
tracing is intraarterial pressure. 


are being presented because they are perti- 
nent to this discussion. The picture shows, 
from above downward, a continuous record 
of sinus diameter, intrasinus pressure, and 
electrical spikes from approximately 5 single 
receptor units, each having a different ampli- 
tude. On the left are the relationships before 
the application of norepinephrine to the wall. 
The strain is 0.038, i.e., the sinus is stretched 
3.8 per cent during the cardiac cycle by the 
pulse pressure. Previously the stress-strain 
relationships that characterize the entire 
aorta and its major branches to vessels of 1 
mm. in diameter have been studied. The strain 
or percentage stretch that the carotid sinus 
undergoes for a given increase in pressure, 
i.e., its distensibility, is considerably greater 
than that of any other arterial segment stud- 
ied so far. As indicated in figure 7 the, pres- 
sure-elastic modulus (E,) is approximately 
1,500 Gm./em.,? which is only about 50 per 
cent of the average values of other arteries. 
It should be recalled that the distensibility 
of a vessel is a function of its radius and wall 
thickness as well as of its mechanical prop- 
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Figure 6 
Comparison of vessel diameter (top) and intraarterial blood pressure (bottom) at the 
same site (femoral artery). Acetylcholine was applied locally to the vessel wall. The re- 


sulting increase in diameter is obvious. 


erties. For example, it is known that the de- 
creased distensibility that tends to accompany 
the increased stiffness associated with aging 
is often compensated for by an increase in its 
radius, i.e., dilatation. The low pressure-elas- 
tic modulus (high distensibility) of the ea- 
rotid sinus is due primarily to the relatively 
high radius-wall thickness ratio. Indeed, the 
mechanical properties of the wall of the ca- 
rotid sinus are quite similar to those of the 
aorta. 

The records assembled at the right side of 
figure 7 were obtained following the applica- 
tion of a solution of norepinephrine to the 
wall of the carotid sinus. Although the intra- 
arterial pressure pulses were not changed, the 
average and pulsatile diameter of the carotid 
sinus decreased. This indicates that the wall 
of the carotid sinus became markedly stiffer. 
The pressure-elastic modulus increased by 40 
per cent, and, since the pressure pattern did 
not change, the strain decreased by 40 per 
cent. 

These records show that marked changes can 
oceur in the physical properties of the walls of 
the carotid sinus and that these changes can 
profoundly affect the activity of receptors ly- 
ing in the vessel walls, which are independent 
of blood pressure changes but which, in turn, 


cause changes in the general cardiovascular 
system, including blood pressure changes. 
The viscvelastic properties of the vessel wall 
are determined by a variety of tissue constitu- 
ents, viz., smooth muscle, collagenous and elas- 
tie tissue, water, electrolytes, ete. It is most 
likely that physiologic control of the mechan 
ical properties of the vessel walls generally is 
achieved by variations in the tension exerted 
by the smooth muscle in the vessel walls. Thus, 
the 10-fold variations in the elastic and viscous 
moduli found in the experiments recounted 
above is no doubt due to variations in the con- 
tractile force exerted by the smooth muscle. 
Moreover, it is also likely that chronic altera- 
tions in the properties of the vessel walls oc 
cur as a result of changes in the electrolyte 
and the water content of the vessel walls. Such 
variations have been reported to be associated 
with a variety of conditions including hyper 
tension. It is possible, for example, that th: 
renal hypertensive dogs studied by the Cleve 
land group suffered from alterations in vessel 
wall electrolyte and water content. Also it i 
known that alterations in the relative amount 
of elastic and collagenous tissues accompan: 
aging and certain diseases. It is also possibl 
that the mechanical characteristics of the con 
nective tissue itself may undergo changes. 
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Figure 7 


omparison of carotid sinus wall motion (top 
acing), of intracarotid sinus pressure (middle 
acing), and of the electrical activity of a few 
bers of the carotid sinus nerve (bottom) before 
left) and after (right) application of norepi- 
ephrine to carotid sinus, without change in intra- 
nus pressure, 


Few, if any, of these factors that affect the 
nechanical properties of vessels have been ade- 
juately studied, and much remains to be 
learned before we can assess the role of vessel- 
wall properties in the regulation of the circu- 
lation. It is likely that these properties will 
prove to be internally related to the regulation 
of the circulation. 

We may summarize the factors affecting re- 
ceptor activity as follows: 1. Receptor stimu- 
lus is probably the strain of the vessel wall in 
which the receptors are located. 2. The strain 
is a function of at least 4 biologic variables, 
namely, intraarterial pressure, rate of change 
of intraarterial pressure, elastic modulus of 
ihe vessel wall, viscous modulus of the vessel 

all. 3. Any given receptor area, e.g., the carot- 
| sinus, contains a population of receptors of 
hich each receptor may have different thresh- 
lds or sensitivities, and perhaps some may 
‘spond differently with respect to the direc- 
on of the strain. The information that is sig- 
ificant to the central nervous system may be 
ntained in the net traffic from entire popu- 


tions of receptors from a variety of areas. 

It is obvious that much remains to be 
arned about these factors and their inter- 
lationships. It is also obvious that the con- 
pt that pressure per se is regulated is too 
mple and may have bee misleading. 

So far I have mainly discussed the receptor 
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After 
Before epi- norepi- 
nephrine nephrine 


Strain (€) 0.038 0.023 
Elastic modulus (E,) 1492 2524 
Large spikes (av.) 13 10 
Small spikes (av.) 7 9 


(40%1) 
(40%) 
(25%1) 
(24%) 


mechanism of the carotid sinus as an example 
of the manner in which regulation of the cir- 
culation may be considered. Many other 
‘‘mechano-receptor’’ areas have been de- 
scribed, but the carotid sinus mechanism has 
been most widely studied and therefore more 
information about its function has aeceumu- 
lated. It is impossible to say, however, what 
the relative role of this and the numerous other 
receptor areas may be in the over-all regula- 
tion of the cardiovascular system. Aviado and 
Schmidt!” have reviewed studies of a variety 
of receptor areas that are known to affect the 
cardiovascular and pulmonary systems. In ad- 
dition, there are probably many receptor areas 
yet to be discovered. 

A number of receptor areas within the vas- 
cular system have been called volume-receptor 
areas in contrast to these other areas referred 
to as pressure-receptor areas. These so-called 
volume receptors have been found particularly 
in the great veins and pulmonary vessels and, 
when stimulated, may cause reflex variations 
in cardiovascular, pulmonary, and renal fune- 
tions. Dr. Elkinton will comment upon the 
fact that such receptors play an important role 
in the control of the body’s water and electro- 
lyte content. In reality, the so-called pressure 
and volume receptors and their activity is a 
function o* the intravaseular pressure and the 
mechanical properties of the vessel walls that 
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contain the receptors. The difference in the 
names probably arose because in the systemic 
arteries pressure changes are large compared 
to volume changes, whereas the volume 
changes of the systemic veins and pulmonary 
vessels are large compared to pressure 
changes. Thus, the major factors responsible 
for the difference are the mechanical proper- 
ties of the blood vessels. 

It is instructive to consider how many fune- 
tions of the cardiovascular system are affected 
by the mechanical properties of the blood ves- 
sels. As stated above, they affect (1) the blood 
pressure and blood volume, and (2) the ac- 
tivity of receptors located within blood vessel 
walls, as well as (3) the vascular resistance to 
flow by producing vasoconstriction and vas- 
odilatation. They affect (4) the performance 
of the heart by altering the venous return and 
the arterial load. By their effect on blood pres- 
sure they affect (5) the exchange of fluid be- 
tween the intravascular and extravascular 
fluid spaces. They (6) direct the flow of blood 
through various vascular pathways. They 
affect (7) renal function both through neuro- 
receptor mechanisms and by their controlling 
effect on renal blood flow. The mechanical 
properties of the blood vessels, therefore, must 
play a predominant role in the regulation, not 
only of functions of the cardiovascular system, 
but also of the entire, integrated regulation of 
the biologic functions of the body. 

An interesting interrelationship exists be- 
tween the activity of strain receptors located 
within the vessel walls and the mechanical 
properties of the vessel walls. The activity of 
the receptor is a function of the mechanical 
properties of the wall, since those properties 
determine the amount of strain that results 
from a certain amount of stress (e.g., pres- 
sure). In turn, the refiex response associated 
with this receptor activity results in a change 
in the mechanical properties of the vessel 
walls, i.e., this is the mechanism by which the 
caliber of blood vessels is controlled. This 
situation is similar to what would occur in the 
temperature regulation of the house, talked 
about in the introduction of this symposium, 
if the thermostat were so made that whenever 
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the temperature within the house changed, an 
alteration of the ‘‘setting’’ of the thermostat 
would oceur. The extent of this effect as well 
as its significance is unknown but again is an 
indication of our naivete regarding regulation 
of the cardiovascular system. 

I have said little regarding the important 
aspect of cardiovascular regulation that is as- 
sociated with the central nervous system. This 
has been lumped into the integrating and 
error-generating black box in figure 2. Dr. 
Rushmer has shown us that voluntary or con- 
scious central nervous system activity can 
duplicate the cardiovascular responses to exer- 
cise. This, it seems to me, is an excellent ex- 
ample of the influence of these higher centers 
upon the regulatory mechanisms that may be 
analogous to the resetting of the thermostat 
by the occupant of the house mentioned dur- 
ing the introduction of this symposium. There 
is little doubt that the cardiovascular system 
is controlled during exercise, but at a higher 
level of activity. It is likely, however, that 
there are other factors in addition to the drive 
of the higher central nervous levels in estab- 
lishing the ‘‘ideal’’ or ‘‘set’’ values about 
which regulation takes place. Indeed, the role 
of the central nervous system in the regulation 
of the functions of the cardiovascular system 
is still largely unknown. Some of these ques- 
tions will be discussed by Dr. Folkow. 

I have tried to show, in this brief period, 
that in considering the regulation of blood ves- 
sels there are vast areas that are poorly under 
stood and, indeed, that fundamental concepts 
of what is regulated and how regulation oc- 
curs are not understood. It is evident that the 
diagram shown in figure 2 is woefully inade- 
quate and that even the functions of the black 
boxes shown therein are not well understood. 

It is not surprising, therefore, that the 
etiology of hypertension has escaped detectio: 
or that we cannot explain the physiologic r 
sponses to stresses such as exercise. The sur 
face of cardiovascular physiology has hardl 
been scratched, and there are many funde 
mental, challenging problems facing invest 
gators. 

While the advances of the past 300 year 
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ay seem disappointingly few, there is reason 
r optimism. The next decade may bring 
‘eater advances than those of the entire past 
centuries. It has been said that more than 
) per cent of all the physiologists who have 
‘er lived are now alive. It is evident in most 
; hases of human endeavor that the rate of 
hievement of knowledge is, like population 
‘owth, a rapidly accelerating phenomenon. 


Addendum 


Two recently published books, to which the reader 
nay wish to refer, have come to the author’s atten- 
ion since this discussion was prepared.” ” 


Summario in Interlingua 


Le systema cardiovascular servi le organismo bio- 
logie como systema de transporto e de mixtion. Le 
requirimentos del organismo pro iste servicio varia 
in differente tissus e a differente tempores durante 
que le volumine de sanguine in le organismo tende a 
remaner constante. Ergo le systema cardiovascular 
executa su function per variar le intensitate e le dis- 
tribution del fluxo de sanguine. Le vasos de sanguine 
ha un rolo major in determinar le intensitate del 
fluxo de sanguine in tanto que illos exerce un influ- 
entia super le resistentia contra le fluxo. Le vasos 
de sanguine ha le complete responsabilitate pro le 
distribution del sanguine e le cireuitos de su fluxo. 
Le aspecto principal del vasos de sanguine que affice 
le fluxo e le distribution del sanguine es lor ecalbre. 

Le presente articulo summarisa le recercas effec- 
tuate relative al factores que determina le calibre del 
vasos de sanguine e al rolo de iste factores in le 
regulation del circulation del sanguine. Le discussion 
concerne primarimente le mechanismo receptori del 
sino earotidie que es presentate como exemplo del 
maniera in que le regulation del circulation pote esser 
considerate. 

Le autor formula le conclusion general que in le 
campo del regulation del vasos sanguinee il existe 
vuste areas que es mal comprendite a iste tempore e 
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de facto que conceptos fundamental con respecto a 
qual processos es regulate e a como le regulation oc- 
curre es non ancora sufficientemente clar. 
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Role of the Nervous System 
in the Control of Vascular Tone 


By Busérn Foikow, M.D. 


L’ IS well known that changes in vascular 
smooth muscle tone form the most power- 
ful tool for the control of blood flow changes. 
Though it is generally agreed that the nervous 
factor is the most important one, it still is an 
open question how many, and which, mecha- 
nisms contribute to smooth muscle tone. An 
attempt will therefore be made to outline 
briefly the classical concepts of vascular econ- 
trol as contrasted to our present views, espe- 
cially the relation of nervous control to other 
important mechanisms. 

It is useful to define a baseline for activity 
of vascular smooth muscle. Such a baseline is 
best defined as the hemodynamic state created 
when vascular smooth muscles are at complete 
rest. This is most conveniently measured in 
terms of the flow resistance per 100 ml. of 
tissue at a normal distending and perfusing 
pressure, when a state of maximal vasodilata- 
tion is induced.’ The level of vascular tone 


ean then be quantitatively expressed as the 


ratio between the actual and the minimal flow 
resistance, just as one can estimate the state 
of activity of any isotonically contracting 
muscle from the extent of its active shorten- 
ing. Of course this implies many simplifica- 
tions but it is useful and easily performed. 

This minimal flow resistance varies mark- 
edly in different tissues, which is not surpris- 
ing since the respective vascular circuits can 
be expected to be structurally tailored to meet 
the extensive metabolic variations that are 
known to occur from one tissue to another. 
When expressed in terms of ml. flow/min./ 
100 ml. of tissue the approximate values are, 
for example, for the myocardium 300 to 400 
ml., for skeletal muscles 50 ml., for the brain 
100 to 120 ml. In some tissues one finds val- 
ues far higher than needed to satisfy maximal 
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nutritional needs, e.g., in the skin, mos 
ylands, and the kidneys. Here, however, bloo 
flow also serves other purposes: in the ski: 
to allow for increases of heat loss and i) 
glands and the kidneys to supply the raw ma 
terials necessary for secretion and urin 
formation. 

The maximal blood flow capacity is, o 
course, only infrequently utilized; the vaseu 
lar circuits are normally dynamically r 
stricted by the vascular smooth muscles, th 
average activity level of which we call ‘‘va: 
eular tone.’’ This vascular tone implies the 
‘**blood flow reserve’’ of the tissues and it 
can be mobilized by smooth muscle inhibition. 
We come then to the basic questions in vas- 
cular regulation: exactly which mechanisms 
build up vascular tone and which factors are 
responsible for its inhibition? 

These questions have been studied for more 
than 100 years, but we are far from the end 
of the story. Perhaps it is best first to outline 
the ‘‘classical’’ concepts. The main principles 
of vascular control were outlined by the pio- 
neer studies of the nineteenth century that 
Bayliss? coordinated to form a hypothesis, 
which was widely accepted for decades to 
follow. Being struck by the reciprocal control 
of the heart and the somatomotor neurons, he 
suggested that the blood vessels should also 
be under a reciprocal tonic nervous influence. 
The vasoconstrictor fibers and the hormones 
of the adrenal medulla should constitute t! 
excitatory link under control of a vasoconstric- 
tor center, in tonic reciprocal balance with : 
vasodilator center, controlling the vessels v: 
sympathetic, parasympathetic, and dors 
root dilator fibers. This nervous control w:s 
thought to be fairly diffusely organized, ex.- 
euting mainly mass activation and inhibiti: 
patterns. It was also often assumed that wh 
remained of vascular tone after cutting t) 
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asomotor nerves, should be mainly a conse- 
juence of constrictor agents in the blood. 
sastly, though the vasodilatation in activated 
issues was known to be mainly due to local 
actors (‘‘vasodilator metabolites’’), neuro- 
renie vasodilator influences were often 
hought to form an important contribution. 
‘his gives in rough approximation the clas- 
ical concept of blood vessel control, and we 
vill next consider the question as to how the 
esearch of more recent years has changed 
hese views. 

It is now clear that the vasocontrictor fibers 
‘orm the sole efferent nervous link for tonic 
vascular control. In fact, the most frequent 
ype of neurogenic vasodilatation is caused 
‘imply by inhibition of the prevailing activity 
if the medullary vasoconstrictor fiber center 
(VMC). There is no evidence of any tonically 
active, common vasodilator fiber center and 
the 3 vasodilator fiber types do definitely not 
form any functionally homogeneous group.5* 

It might be best to start by outlining the 
funetional significance of the vasodilator fi- 
bers and return to the more important, the 
vasoconstrictor fibers, later. The sympathetic 
cholinergic vasodilator fibers are distributed 
only to the vessels of the skeletal muscles and 
possibly also to the coronary vessels. These 
fibers appear to be activated under cireum- 
stanees in which they act in synergism with 
the vasoconstrictor fibers rather than being 
in reciprocal balance with them. Their high- 
‘st representation is found in the vicinity of 
the motor cortex of the central nervous sys- 
tem, with relay stations in the anterior hypo- 
thalamus and in the mesencephalon, where 
he third order neurons bypass the VMC to 
nake direct contact with the ‘‘final common 
ath’’ in the lateral spinal horns, i.e., the 

reganglionic sympathetic neurons. On topi- 
al excitation of the hypothalamic integration 
tation vasodilator fiber activation is com- 
ined with an excitation of vasoconstrictor 
bers running to the skin, the gastrointestinal 
ract, and the spleen. In addition, activa- 
ion of aecelerator fibers to the heart and a 
ormone discharge from the adrenal medulla 
ceurs. With very little shift in arterial pres- 
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sure this autonomic activation pattern leads 
to a remarkable and instantaneous redistri- 
bution of the cardiac output to favor the 
skeletal muscles. When this region of the 
hypothalamus is topically stimulated in awake 
animals, a behavior typical of spontaneous 
rage or fear is induced, i.e., the autonomic 
pattern appears to be normally combined 
with a quite characteristic somatomotor ac- 
tivation pattern.® Though these data are 
most suggestive, we cannot say that it is ex- 
actly known under which circumstances these 
fibers are normally activated. It is reasonable 
to assume activation in what Cannon called 
‘‘emergency situations,’’ simulating reactions 
of attack, defense, or flight. Furthermore, it 
is not excluded that these fibers might be more 
generally activated at the onset of muscular 
work, thus anticipating the needed increase 
of blood supply, though there is no experi- 
mental evidence. What is clear, however, is 
that the sympathetic vasodilator fibers are not 
engaged in the tonic control of the blood pres- 
sure as exercised reflexly from the different 
sets of cardiovascular proprioceptors. 

The parasympathetic vasodilator fibers 
were previously thought to be widely distrib- 
uted, for instance, in the gastrointestinal 
tract. It now seems that the majority of the 
so-called parasympathetic vasodilator fibers 
are not specific dilator fibers. On stimulation 
of the parasympathetic supply of the salivary 
glands, for instance, there is a release of a 
proteolytic enzyme, which splits off a poly- 
peptide from normally present proteins in the 
tissue fluid. This polypeptide, often called 
bradykinin, is closely related to, or even iden- 
tical with, pancreatic kallikrein, described 
thirty years ago, which also has a profound 
vasodilator action.!° It appears likely that a 
similar substance is released also from other 
activated gastrointestinal glands, and brady- 
kinin is definitely released from the sympa- 
thetically innervated sweat glands, explain- 
ing the intensified cutaneous vasodilatation 
occurring when sweat production starts." 

The remaining specific parasympathetic 
vasodilator fibers appear to be those running 
to the pial vessels and the external genital 
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organs. Virtually nothing is known about the 
functional significance of the first-mentioned 
type going to the pia; they might, for in- 
stance, be activated in arousal stimulations 
from the reticular formation, thus contribut- 
ing to increasing cortical blood flow. If so, 
they are not unrelated to the sympathetic 
vasodilator fibers with respect to the cireum- 
stances that excite them. But this is only 
speculation, and one feels more certain about 
the functional significance of the vasodilator 
fibers to the external genital organs. 

The dorsal root vasodilator fibers, which 
Bayliss thought to convey efferent vasodilator 
impulses, are truly afferent fibers with no 
normal efferent function. It is known! that 
the periph ral ramifications of pain fibers 
form an axon reflex arrangement with the adja- 
cent blood vessels, responsible for the ‘‘flare’’ 
in ‘‘triple response.’’ In all probability dorsal 
root vasodilatation is simply due to the anti- 
dromic activation of this pain fiber axon re- 
flex arrangement. On antidromic excitation 
the stimulation strength has to be increased 
enough to excite also the C-fiber group before 
vasodilatation appears. The majority of the 
pain fibers belong to the C-fiber group and 
are distributed to superficial tissues such as 
the skin and certain mucous membranes. It 
is only within these tissues that any signifi- 
cant vasodilatation is obtained on dorsal root 
stimulation. An arrangement of this type 
must be of some value as a local defense mech- 
anism against harmful stimuli, since regional 
blood flow is automatically increased as soon 
as pain fibers are excited. Since such fibers 
are also activated when the skin is chilled 
more intensely, it is not surprising that the 
axon reflex mechanisms appear to form one 
of the factors that are responsible of cold 
vasodilatation in the skin. 

It is evident that these 3 sets of vasodilator 
fibers are neither tonically active, nor do they 
form any homogeneous group, but are spe- 
cially engaged only under quite specific cir- 
cumstances. The steady tonic neurogenic 
adjustment of the vascular bed is, as men- 
tioned, exercised only by the vasoconstrictor 
fibers, and are engaged in practically any sort 
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of cardiovascular adjustment, which make 
them the most important vasomotor fiber type. 
This does not mean, however, that they are the 
only important factor for the establishment 
of vascular tone. When they are regionally 
blocked, there remains in many tissues a 
marked vascular tone that we can call basai 
tone. For instance, in resting skeletal muscles 
blood is normally around 3 to 5 ml. per 10( 
ml. of tissue per minute, increasing to rough. 
ly twice the value on regional vasoconstricto1 
fiber block. It can, however, be increased an 
other 4 to 6 times, up to about 50 ml., in mus- 
cular work. This implies a pronounced basa! 
tone in this tissue. This is also the case ii 
many other tissues, e.g., the myocardium and 
the brain; after elimination of all possible 
vasoconstrictor fibers to these tissues their 
vessels still maintain a considerable tone 
though it is promptly inhibited by increased 
tissue activity. As a contrast to this, vessels 
like the cutaneous arteriovenous anastomose: 
become practically maximally dilated as soon 
as their constrictor fibers are cut, provided 
that the organism is in a ‘‘resting’’ equilib- 
rium without any significant reflex increase 
of the hormone output from the adrenal 
medulla.? 7 

What is then the background of this basa! 
vascular tone, which in some areas is so pro- 
nounced, in others moderate, and in still 
others practically absent? If it were due to 
blood-borne vasoconstrictor substances one 
would expect that the vessels with high basa! 
tone should be more sensitive to such factors 
than, e.g., the cutaneous arteriovenous anas- 
tomoses. Exactly the opposite is in fact the 
ease; for example, the vessels of the skeletal 
muscles are definitely less sensitive to all! 
known biogenic vasoconstrictor substances 
than are the cutaneous arteriovenous anasto 
moses, which respond to exceedingly low blood 
concentrations. From these simple observa 
tions one can conclude firstly that basal vas 
cular tone must be of an essentially local ori 
gin, secondly that in the normal resting 
organism the blood concentration of vasocon 
strictor agents is fairly negligible.’* In fact 
normally the blood concentration of the hor 
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nonal component of the sympatho-adrenal 
system exerts more significant excitatory ef- 
‘eects on heart and the blood vessels only epi- 


odically and are then generally overshadowed - 


by the direct sympathetic innervation.'* With 
‘xception of such episodic conditions and some 
pathophysiologic circumstances, as when an- 
riotension is released via renin production, 
here is no evidence of functionally significant 
-oncentrations of vasoexcitor substances in the 
blood. 

There is, on the other hand, good evidence 
hat vascular smooth muscle cells, especially 
those of the smallest vessels, adjacent to the 
‘apillaries, show a rhythmic inherent activ- 
ity, justifying the term myogenic automatic- 
ity. This is a well-known phenomenon in some 
other types of smooth muscles, but it is in 
some specialized types virtually absent, as in 
the intrinsie eye muscles.’ 16 A myogenic 
activity will, of course, be profoundly influ- 
enced by external factors, but the essential 
point is that it is not basically a matter of 
any extrinsic excitatory influence, rather it 
is dependent on a normal environment, as are 
all forms of cellular activity. If great num- 
bers of vascular smooth muscle cells show 
rhythmie but unsynehronized contractions, 
this will create a ‘‘vascular tone,’’ and it is 
reasonable to assume that this is the very 
background of what has here been called basal 
ione. The myogenic activity, and hence the 
basal tone, is certainly not equal in all types 
of small vessels. The smooth muscles of the 
cutaneous arteriovenous anastomoses resem- 
le the intrinsic eye muscles, both in that they 
re normally quite dominated by the central 
ervous system via the autonomic nerves and 
hat these specialized smooth muscles show 
ery little myogenic activity and consequently 
ittle basal vascular tone. 

In 1902, Bayliss? offered a hypothesis sug- 
esting that the distention offered by the 
ood pressure may act as mechanical stimu- 
is on vascular smooth muscles. For decades 

\is interesting idea has been almost forgot- 
‘n, and for the first time in recent years it 
as been possible to show that this is a factor 
) consider,’*!® though its influence is far 
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from dominant. It has been difficult to under- 
stand exactly how such a mechanism operates, 
but now a reasonable explanation may be 
offered. It is known from studies of nerve-free 
intestinal smooth muscle strips, that disten- 
tion has a facilatory influence on the rhythmic, 
inherent activity, increasing the rate of con- 
tractions.1 This may also happen in those 
parts of the vascular bed where the smooth 
muscles exhibit myogenic activity. In fact, it 
has been observed in the vessels of the bat’s 
wings,?° where the rate of rhythmic ‘‘vaso- 
motion’’ has been observed to increase as a 
response to steady distention of the vessels. 
This should mean that the time fraction oc- 
cupied by the constriction phase increases on 
the expense of relaxation, and the integrated 
result of this in a vascular bed is a somewhat 
increased tone within those sections where 
myogenic activity occurs. Also, it is then 
understood why vessels like the cutaneous 
arteriovenous shunts do not increase their 
tone as a response to distention; these cen- 
trally dominated vessels hardly show any 
myogenic activity that could be facilitated. 

The origin of the ‘‘basic activity’’ of the 
vascular smooth muscle cells has been dis- 
cussed, now we will concentrate our interest 
on the powerful, superimposed influence of 
the vasoconstrictor fibers. Vasoconstrictor fiber ~ 
distribution shows a considerable differentia- 
tion, with a tendency of an inverse relation- 
ship between the extent of basal tone and 
constrictor fiber supply. To mention the ex- 
tremes, the heat-loss regulating cutaneous 
arteriovenous shunts, which serve no local 
needs but the organism as a whole, are sup- 
plied with an abundance of constrictor fibers 
but have, as mentioned, hardly any basal tone. 
In contrast, vessels subserving the metabolic 
needs of vitally important tissues, like the 
brain or the myocardium, have only few con- 
strictor fibers but nevertheless a considerable 
‘*hlood flow reserve’’ in the form of their 
locally controlled basal tone. Between these 
extremes the other vascular circuits are 
found. In generalized sympathetic discharges, 
as found with hemorrhage, this distribution 
will have the consequence that the reduced 
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eardiae output will primarily be delivered to 
the vital, important tissues. 

It should be remembered that effector cells 
ean exhibit various degrees of sensitivity to 
the constrictor mediator in different vascular 
areas. It has already been mentioned, for in- 
stance, that a given norepinephrine concen- 
tration has a stronger effect on the cutaneous 
arteriovenous shunts than on the vessels of 
the skeletal muscles. 

It is also of importance that the vascular 
smooth muscles appear to vary in their sensi- 
tivity to locally produced vasodilator influ- 
ences. This factor also determines the vascu- 
lar response to constrictor fiber activation, as 
the reduced flow leads to an accumulation of 
vasodilator factors which counteract the effect 
of the constrictor fiber mediator. Differences 
in smooth muscle sensitivity can be strikingly 
illustrated if one compares muscle and cuta- 
neous vessels. Lastly, the wall-to-lumen ratio 
of the vessels influences the hemodynamic re- 
sult of a given sympathetic vasoconstrictor 
fiber activation. 

What then is the influence of the main 
physiologic variable, the extent of vasocon- 
strictor fiber recruitment and its discharge 
range? It is obvious both from the classical 
neurophysiologic studies of Bronk et al. some 
20 years ago and from other types of experi- 
mental approaches,** that the physiologic 
discharge rate of visceromotor fibers hardly 
ever exceeds about 10 impulses per second, 
even under extreme excitation of the centers. 
Higher frequencies are, in fact, hardly needed 
because the almost maximally obtainable ef- 
fector response to nerve stimulation is then 
reached. ‘‘Normal’’ vasoconstrictor tone ap- 
pears to be maintained by a joint activity of 
most fibers to a given vascular area, firing 
at rates of only 1 or 2 impulses per second. 
If one compares the visceromotor neuroeffec- 
tors with the somatomotor ones, there is a 
fairly good 1-to-10 relationship in fiber di- 
ameters, refractory period, physiologic dis- 
charge range, and frequency response charac- 
teristics of the respective effector cells. 

As mentioned earlier, the hormonal sympa- 
thetic link has, in most areas, fairly insignifi- 
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cant excitatory effects on the cardiovascular 
system when compared with the direct vaso- 
constrictor innervation. The situation is quite 
different for the inhibitory influences, i.e., the 
vasodilatation induced by blood-borne epi- 
nephrine in tissues like the myocardium and 
the skeletal muscles. Even the minute blood 
concentrations obtained at low-frequency fiber 
discharge, can elicit rather powerful vasodila- 
tations, and this reaction is normally the 
most important cardiovascular effect of the 
hormonal link on generalized sympathetic ex- 
citation, i.e., it may contribute significantly to 
divert the cardiac output to the muscles and 
heart. 21 That the hormonal link is of rela- 
tively insignificant importance in many re- 
spects is hardly surprising; its diffuse and 
relatively slow action would otherwise make 
rapid and differentiated cardiovascular ad- 
justments impossible ; such adjustments must 
be executed by a dominating, direct nervous 
link. In this area some very important ques- 
tions concerning the nervous control of the 
vessels are raised: 1. Do similar differentia- 
tions in fiber distribution, ete., occur between 
the different consecutive sections of a vascu- 
lar circuit? 2. Are there also strictly regional 
differences in discharge rate, and, if so, how 
extensive? Earlier the sympathetic nervous 
system was mainly looked upon as a sort of 
mass activity system and, in some cirecum- 
stanees it is; but this does not exclude the 
possibility of differentiated reaction patterns. 
To deal with this aspect it is also advisable 
to divide the effector system, i.e., the vasculai 
bed, according to its functional specialization 
In the first line one can distinguish between 
the various ‘‘parallel-coupled’’ circuits, e.g. 
coronary, cerebral, renal, muscular vessels 
As already indicated, they often show consid 
erable differences in fiber distribution, effecto: 
sensitivity, etc. Further, any of these paralle! 
coupled circuits can be divided in function 
ally defined ‘‘series-coupled’’ sections: (1 

““Windkessel’’ vessels, (2) resistance vessel 
with a precapillary and a posteapillary sec 
tion, (3) precapillary sphincters, which de 
termine the number of capillaries, and hence: 
the capillary surface, open for perfusion a 
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» .y given moment, (4) shunt vessels and, (5) 
« pacitance vessels. All these sections, con- 
t olled by smooth muscle cells, are responsible 
{ vr well-coordinated but essentially separate 
«ontrol funetions, all of which, directly or 
i directly, cooperate to control the fiow 
t rough the most important section of all, the 
{ ue capillaries. Across the walls of these ‘‘ex- 
« ange vessels’’ the tissues come in close con- 
t et with the mobile fraction of the stable 
«vironment. Quite a bit is known about the 
: sistance vessels, much about the capillaries,'* 
aod some about the shunts, at least the ones 
i: the skin. Relatively little and, in some re- 
speets, nothing is known about the range of 
coutrol of the other sections and their inte- 
gration with the rest of the circulation. This 
is mainly because they are far more difficult 
to study separately with more exact methods. 
These vascular sections are, however, fune- 
tionally just as important as the better-stud- 
ied ones. Changes in tone of the capacitance 
sections, for instance, will profoundly affect 
the venous return to the heart and hence the 
cardiae output. Several attempts have re- 
cently been made to develop methods allowing 
more detailed analyses of the integrated con- 
trol of capacitance vessels in relation to re- 
sistance vessels and heart function.?*-*5 In our 
laboratory a method has been used,?* which 
is somewhat related to the one utilized by 
Pappenheimer et al. in their classical eapil- 
lary studies.2* Our method makes it possible 
to follow continuously and separately the 
range of nervous and hormonal control of 
‘ precapillary and posteapillary resistance 
sels, the capacitance vessels, and to some 
ent the precapillary sphincters and the 
aneous shunts. The results illustrate that 
vasoconstrictor control of the capacitance 
sels in the cat’s hindbody in some respects 
‘ven more powerful than that of the re- 
ance vessels. The hyperbolic curve, relat- 
stimulation frequency to effector response, 
the capacitance vessels is displaced to the 

of that of the resistance vessels, i.e., at a 

‘ht generalized increase of constrictor fiber 
‘tharge the ‘‘intravascular fluid mobiliza- 
1’? is relatively more pronounced than the 
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increase of flow resistance. The constrictor 
fiber influence on the 2 sections of the resist- 
ance vessels is, generally, more intense on the 
precapillary section than the postcapillary 
section, which implies that mean capillary 
pressure decreases on sympathetic stimulation 
even if arterial inflow and venous outflow 
pressures stay the same. This leads to a shift 
in the Starling equilibrium across the capil- 
lary walls, so that tissue fluid passes into the 
blood stream. The constrictor fiber control of 
the resistance vessels therefore implies possi- 
bilities of an ‘‘extravascular fluid mobiliza- 
tion’’ to the vascular compartments. Lastly, 
the sphincter sections are to some extent in- 
fluenced by constrictor fibers, though not so 
markedly. There occurs an unquestionable de- 
crease in capillary surface area available for 
perfusion, presumably because constrictor fi- 
ber activation causes a fraction of the pre- 
capillary sphincters to obstruct flow through 
their respective capillaries. 

Results indicate that the sympathetic vaso- 
dilator fibers to skeletal muscles act almost 
only on the resistance vessels. Epinephrine, 
which increases blood flow to the muscles, gen- 
erally also decreases the blood volume within 
the muscles, i.e., while it inhibits tone in at 
least some section of the resistance vessels, it 
excites the smooth muscles of the capacitance 
vessels. Further, although norepinephrine 
strongly contracts both resistance and capaci- 
tance vessels, angiotensin has a profound ac- 
tion only on resistance vessels. All these data 
illustrate differentiations between the differ- 
ent ‘‘series-coupled’’ vascular sections con- 
cerning vasomotor fiber distribution and ef- 
fector sensitivity to transmitters as well as 
other vasoactive substances. 

We then come to the second question: Can, 
by way of higher centers or cardiovascular 
receptors, the neuron pools controlling the 
various parallel, and the series-coupled ves- 
sels be more or less separately activated? If 
so, the nervous control of the vascular bed is 
indeed far from a diffuse network fitted only 
for mass activation patterns, but a highly 
specialized system suited for considerable de- 
grees of differentiation. There is some evi- 
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dence in the literature, that such differences 
do oceur between the various parallel circuits 
though much remains to be done; e.g., the con- 
strictor fiber discharge to the renal or the 
cutaneous vessels is often not the same as that 
to other vascular circuits. So far, the series- 
coupled sections have been inadequately stud- 
ied with suitable methods to allow any defi- 
nite statements. However, experiments are 
going on with the mentioned method, in which 
the vasomotor fiber connections to the studied 
region are left entirely intact. Under such 
circumstances the normal discharge patterns, 
induced from cardiovascular receptors or 
higher vasomotor centers, will affect the dif- 
ferent consecutive vascular sections of the 
cat’s hindbody. Though they are undoubtedly 
fairly equally affected in many reaction pat- 
terns, some preliminary observations suggest 
that striking differentiations in the discharge 
patterns may also occur under some circum- 
stances. It should be admitted here that the 
more detailed functional analysis of the auto- 
nomie nervous system has been badly neg- 
lected, when compared with the somatomotor 
system. It may ultimately prove to be just as 
differentiated in its neuroeffector control. 
Even if it should be found that great differ- 
ences in regional vasoconstrictor fiber dis- 
charge do not occur, it should be stressed that 
the responses of the effector cells in different 
vascular sections may nevertheless be strik- 
ingly different, simply because of differences 
also in fiber distribution, effector sensitivity, 
ete. 

A few words should be said about the 
higher centers controlling the vasoconstrictor 
fibers. It is well known that the medullary 
vasomotor center (VMC) is a very capable 
reflex center, responsible for the tonic control 
of blood pressure. It is, however, normally 
continuously modified by the activity of dien- 
cephalic and cortical autonomic centers. No 
details about their organizations will be given 
here, for which the reader is referred to other 
review articles,**?7 but a few principles 
should be mentioned. For decades the higher 
centers of cardiovascular control were more 
or less neglected, and many investigators as- 
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sumed that neurogenic circulatory adapta 
tions as in muscular work, were predominant. 
ly started in the periphery by way of the 
cardiovascular proprioceptors and VMC 
rather than from the cortex-diencephalon. I: 
might be, however, that the VMC is only on 
part of the system, a sort of autonomic equiv 
alent to the somatomotor ‘‘antigravity cen 
ter,’’ and that the higher autonomic center 
have numerous direct connections with thei: 
‘*final common path,’’ the preganglionic cell: 
of the spinal medulla. It becomes more an 
more clear, and it should have been obvious 
long ago, that the higher centers generally ac‘ 
as the initiators of cardiovascular adjustment 
that accompany changes in alertness and th 
onset of muscular work. The autonomic acti 
vation patterns probably run parallel with 
the somatomotor ones, thus ‘‘anticipating”’ 
the cardiovascular shifts needed to suit the 
change in activity. In all probability, however, 
this central direction of the cardiovascular 
system is not too exactly balanced, but be- 
comes so when it is automatically adjusted by 
the cardiovascular receptors via VMC, so that 


the ultimate pattern results in small changes 


in pressure and is well regulated to the new 
level of muscle activity. We may here draw a 
parallel to the respiratory control, in which 
a similar interplay between central direction 
and reflex medullary fine-adjustment appears 
to take place. Concerning central cardiovas- 
cular control, however, our knowledge is still 
meager indeed but it is a fascinating field 
of research. Mention only is needed of the 
hypothalamic temperature control of cutane- 
ous blood flow, the cardiovascular shifts tak- 
ing place in emotional fainting, anger, fear, 
and muscular work to indicate the importance 
and interest it deserves. Its clinical implic*- 
tions are obvious; one need only mention so- 
ealled psychosomatic disturbances. 

After this short survey of the factors that 
establish vascular tone a few words should be 
spent on the factors that inhibit vascular ton’, 
the so-called vasodilator metabolites, release! 
from any active tissue. Whatever they aze 
they constitute a mechanism by which tissu’s 
ean claim more blood flow whenever neede:. 
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is evident that the previously mentioned 
sodilator fibers can, and do sometimes, con- 
bute to increase the blood flow to activated 
sues, but they are in no way indispensable ; 
t-e local chemical factors are the important 
es. Exactly what these factors are is still 
; t clear, though soon 100 years of intense 
orts will have been made to solve this prob- 
a. The reason why no one as yet identified 
'»e factor, responsible for the local dilatation, 
ay simply be that there is not one but many 
ntributory factors. If so, elimination of one 
toetor does not change the dilatation much, 
though it normally is of importance. We do 
know that several factors, normally released, 
iave a vasodilator influence. First the basic 
shifts in internal environment, such as de- 
crease in oxygen tension, increase of carbon 
dioxide tension, or lowering of pH, should 
be mentioned ; they all tend to relax vascular 
smooth muscle. It is reasonable to believe that 
they do so by a direct influence on the muscle 
cells and not only via a release of other dila- 
tor agents. This does not exclude that such 
factors cooperate. Of known tissue metabo- 
lites, earbon dioxide, lactic acid, and adeno- 
sine compounds appear to be the only ones 
that ean be expected to cause any significant 
vasodilatation. It should further be remem- 
bered that on tissue activation a slight in- 
crease in extracellular potassium concentra- 
tion takes place and such a chemical shift also 
has a vasodilator influence. The adenosine 
compounds, being released at the very start 
f cell excitation, have a profound vasodilator 
action, but no one knows whether they really 
liffuse out of the cells in significant amounts, 
vhich is the prerequisite to reach the blood 
ssels. Once again it has been suggested that 
also quite specific vasodilator agents should 
produced. Thus histamine and acetylcho- 
line have here been discussed, but there is 
‘thing at present to indicate that they should 
ily any significant role in this respect. The 
ly known factor that can be called a spe- 
ic vasodilator agent is the previously men- 
med bradykinin, released from activated 
ind cells. It appears to be released only 
m this type of tissue, however, and may 
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here play the role to cover the double demand 
of blood flow, both for metabolism and for 
production of secretion. On the whole, it may 
seem surprising that we know so little about 
this fundamental question, but the fact is 
that it is extremely difficult to attack experi- 
mentally. 

The question now arises: is the blood flow 
per se regulated? In a way it is, in a way 
it is not, it depends very much on what is 
meant exactly by the word ‘‘regulated.’’ The 
tissues have their local mechanisms capable 
of increasing their blood supply in a good 
balance to what is their actual nutritional 
demand, but the organism as a whole can- 
not always allow any tissue to make free use 
of its ‘‘blood flow reserve.’’ There is an up- 
per limit of cardiae output and often stress 
situations have seriously restricted the pump 
capacity. Under such circumstances the most 
important and most sensitive tissues, the heart 
and the brain, must be supplied first. There- 
fore, superimposed upon the local dilator 
control we have the restricting influence of 
the vasoconstrictor fiber system, so organized 
in its distribution, discharge, etc. that it has 
the power to give the biggest rations of the 
decreasing cardiac output to those tissues that 
need it most. It does so by maintaining as 
long as possible, a suitable perfusion pressure 
to these areas, which, due to the characteris- 
tices of constrictor fiber distribution are not 
exposed to flow restriction. Therefore, in dis- 
cussing regulation of blood flow, one has to 
judge the steady balance between the local 
demands and the superimposed, restricting 
system, acting as the maintainer of a suitable 
perfusion pressure for the most important 
tissues. No doubt, there are here many im- 
portant things that we still know too little 
about, and it cannot be said that we at pres- 
ent know exactly how the blood to the tissues 
is controlled or regulated. 


Summario in Interlingua 


Tl es generalmente recognoscite que alterationes del 
tono in le musculatura lisie del vasos es exquisitemente 
importante in determinar alterationes del fluxo de 
sanguine. Es etiam generalmente acceptate como un 
facto que inter le factores que influe super le tono 





vasomuscular le factor nervose es le plus importante, 
sed il remane un question controverse quante e qual 
mechanismos specific es interessate in iste relationes. 

Le presente articulo summarisa le conception clas- 
sic del influentias que determina le tono vascular, 
eonfrontante lo con le opiniones currente con atten- 
tion special prestate al relation inter le mechanismo 
nervose e altere significative mechanismos. Es discutite 
separatemente le factores excitatori, que es primari- 
mente nervose, e le factores inhibitori, inter le quales 
effectos hormonal pare esser de plus grande impor- 
tantia. 

In conclusion le autor subleva le question de si le 
studio del factores que determina le tono vasomus- 
cular permitte le conclusion que il se tracta hie de 
un systema regulatori (per contrasto con mechanis- 
mos simplemente determinatori). Le autor summarisa 
su analyse de iste question in le assertion que multe 
importante factos in iste campo de investigation re- 
mane inadequatemente clar, de maniera que il non 
es possibile a iste tempore dicer con precision como 
le provision de sanguine al tissus es determinate 0 
regulate. 
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Pharmacologic and Chemical Tests as an Aid in 
the Diagnosis of Pheochromocytoma 


By Grace M. Roru, Pu.D., Eunice V. Frock, Pu.D., Waurer F. Kvaue, M.D., 
JOHN M. Wave, M.D., AND JAUNEITA OGG 


NE of the known causes of hypertension 
( is a pheochromocytoma, a tumor of the 
medullary portion of the adrenal gland that 
seeretes epinephrine or norepinephrine in 
varied but increased amounts. It produces 
either sustained hypertension or paroxysmal 
hypertension frequently associated with bi- 
zirre symptoms during the attack, together 
with hypermetabolism and high blood sugar 
in some instances. Although pheochromocy- 
toma is rare, it is being diagnosed oftener 
aud will become increasingly important with 
safe surgical removal. Thus the correct pre- 
operative diagnosis becomes imperative and 
can sometimes be lifesaving. 

An estimated 90 per cent of pheochromo- 
cytomas arise from the adrenal medulla, but 
they may occur wherever chromaffin tissue is 
found along the sympathetic nervous system. 
Of pheochromocytomas found outside the 
adrenal glands, 6 have been found in the 
thorax, 4 in the urinary bladder, and 18 in 
the organ of Zuckerkandl. Multiple tumors 
may occur in both adrenal glands or along the 
aorta in the sympathetic chain; some of the 
itter tumors may be metastatic, as approxi- 
rately 10 per cent of pheochromocytomas are 

alignant. Familial pheochromocytoma has 

‘en reported. 


From the Mayo Clinie and the Mayo Foundation, 
‘chester, Minn. 
Read at the Thirty-first Scientific Sessions of the 
nerican Heart Association, San Francisco, Calif., 
tober 24, 1958. 
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When the patient has paroxysmal hyper- 
tension, the attacks consist of a sudden rapid 
rise of the blood pressure with tachycardia, 
great anxiety, severe headache, pallor (partic- 
ularly of the face), numbness, tingling and 
coldness of the hands and feet, sometimes 
nausea and vomiting, pain in the epigastrium 
extending into the precordial region and, 
lastly, excessive sweating. In any one ease, 
one or more of these symptoms may be lacking. 
Occasionally a physician may be fortunate 
enough to observe a patient in one of these 
attacks, but often only the history of the at- 
tacks is available and it may be inconclusive. 

For the patient with sustained hypertension 
the physician may not have even a history of 
attacks to point the way to a correct diagnosis. 
Today, however, pharmacologic and chemical 
tests are helpful in screening a relatively 
large number of patients for pheochromocy- 
toma and are a definite aid to a correct diag- 
nosis. 

Pharmacologic Tests 

Fifteen years! have elapsed since we first in- 
troduced the histamine test for pheochromo- 
cytoma. Although we have used all the 
drugs** suggested for testing as they ap- 
peared, we now use histamine for the patients 
with paroxysmal hypertension, because it 
stimulates discharge of pressor substances 
from the tumor and produces attacks similar 
to those occurring spontaneously, and we now 
use phentolamine hydrochloride (Regitine)*® 7 
for the patient with sustained hypertension, 
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Figure 1 
Changes in blood pressure during the cold pressor, 
histamine, and Regitine tests. Left and center. 
Patient had paroxysmal hypertension. Right. Pa- 
tient had sustained hypertension. 


because it decreases blood pressure by block- 
ing the pressor effect of epinephrine or nor- 
epinephrine in the blood if a pheochromo- 
cytoma is present. 

To carry out these tests correctly, certain 
prerequisites are necessary: The first is a re- 
liable basal blood pressure. With the patient 
lying comfortably, the blood pressure is ob- 
served for at least half an hour to obtain the 
correct basal value. This is highly important 
in the interpretation of the results after use 
of histamine or Regitine. 


Cold Pressor Test, a Prerequisite 

Before either the histamine or the Regitine 
test, the cold pressor test® is performed, ex- 
cept when the diastolic blood pressure is more 
than 150 mm. Hg. The cold pressor test is 
done by immersing one of the patient’s hands 
well above the wrist in a pail 8 inches high in 
water of 4 C. for 1 minute and measuring the 
blood pressure on the opposite arm at 15, 30, 
and 60 seconds during the immersion. The 
highest blood pressure during this painful 
stimulus indicates the lability of the blood 
pressure. If a patient has a history of blood 
pressure of 230/160 at one time and of 130/90 
at another, the carefully determined basal 
blood pressure may be 130/90 and it may rise 
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to 230/160 during the cold pressor test. Suc) 
a patient has very labile blood pressure ani! 
probably no pheochromocytoma, but if the 
rise in blood pressure during the cold presso: 
test is much less than to 230/160, pheochr.- 
mocytoma may be suspected. The average iy - 
crease in the blood pressure during the co! | 
pressor test in our cases of proved phe. - 
chromocytoma was 40/29, with a range fro 
12 to 68 mm. systolic and from 10 to 78 mi. 
diastolic. 

The cold pressor test is an integral part of 
the histamine test, since the response of the 
blood pressure to cold is used as the measur- 
ing stick for the response. of the blood pressure 
2 minutes after the intravenous injection of 
histamine. In our experience a cold pressor 
test has never produced an attack in a patient 
with pheochromocytoma because there is a 
sudden rapid rise in the blood pressure during 
the cold pressor test, whereas it is the sudden 
rapid fall in blood pressure that stimulates 
the secretion of the tumor. Furthermore, 
knowledge of the lability of the blood pres- 
sure is important on the third and fourth days 
after operation if a pheochromocytoma is re- 
moved, when pain may produce an elevation 
in blood pressure. 


Histamine Test Followed by Regitine Test for 
Paroxysmal Hypertension 

After the cold pressor test, when the blood 
pressure has returned to basal levels in the 
patient who has paroxysmal hypertension and 
a basal blood pressure of less than 170/110, 
0.05 mg. of histamine base in 0.5 ml. of normal 
saline solution is injected intravenously with 
a tuberculin syringe. The needle is left in the 
vein, the empty syringe is removed immedi- 
ately, and a syringe containing 5 mg. of Regi- 
tine is attached for immediate administration 
if the blood pressure becomes alarmingly 
high.® 

Blood pressure is determined every 30 s¢ 
onds for the next 2 minutes (fig. 1). It <«'- 
ways decreases 30 seconds after the injecticn 
of histamine, or the histamine has not enter¢ 1 
the vein. Immediately thereafter the blocd 
pressure increases rapidly and usually is ma-- 
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um in 2 minutes. If a pheochromocytoma is 

‘sent, the characteristic clinical signs and 

uptoms of a severe attack appear concomi- 
2 itly with the increase in blood pressure to 

» jl above the cold pressor level. Regitine 
lrochloride, 5 mg., is injected 2 minutes 
er the histamine or before, if the rise in 
od pressure makes it necessary. 

Within 1 minute after the injection of Regi- 

e the clinical signs and symptoms of a 

ere attack will disappear and the blood 

: sssure will decrease if a pheochromocytoma 
resent. Thus, histamine can be given safely, 
| 2 positive reactions will be noted. Oc- 
‘asionally, when a large or active tumor is 
resent, after the first fall and cessation of 
uptoms on administration of Regitine, the 
od pressure and symptoms may reappear 

il more Regitine may be needed. Recently, 
in a patient with a 700-Gm. tumor 50 mg. of 
Regitine were necessary to reduce the blood 
pressure to basal levels in 10 minutes (fig. 1). 
This knowledge was important in the care of 
the patient during operation, as 50 mg. of 
Regitine were necessary to keep the blood 
pressure at a safe level during operation. 

[f the patient has only mild essential hyper- 
tension, the blood pressure will not rise as 
high after the injection of histamine (that is, 
will rise little if any above the height during 
the cold pressor test), and the headache will 
no! disappear nor will the blood pressure fall 
rapidly after the injection of Regitine. If 
Regitine is given alone to a patient with labile 
hynertension between paroxysms, the blood 
pressure may not change even in the presence 
of . tumor because the concentration of pressor 
an ines is not elevated in the blood between 
at icks. Therefore, false-negative results will 
be obtained. 


Re itine Test for Sustained Hypertension 
or the patient with sustained hypertension 
basal blood pressure of more than 170/ 
), 5 mg. of Regitine hydrochloride are ad- 
istered intravenously, not intramuscu- 
y. If a pheochromocytoma is present, the 
d pressure should decrease at least 35/25 
he first 3 or 4 minutes after injection and 
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then should return to the previous basal level 
in 10 to 15 minutes (fig. 1). Regitine will cause 
a decrease in the blood pressure of some par- 
ticularly apprehensive patients during the 
first 1 or 2 minutes after injection in the ab- 
sence of a pheochromocytoma, but in the next 
minute the blood pressure returns toward the 
basal level and the test is considered as being 
negative for such tumors. 


Why Are So Many False Results Reported from the 
Pharmacologic Tests? 


The first difficulty comes from not obtaining 
a reliable basal blood pressure. The second 
may be failure to observe the blood pressure 
quickly enough as the timing is very precise. 

The third may be a difference in the blood 
pressure of the 2 arms.’® To eliminate this 
third source of error, the blood pressure is 
measured routinely in both arms in our labora- 
tory ; if any disparity is found, determinations 
are made simultaneously in both arms during 
pharmacologic tests. In 5 of our 66 patients 
with proved pheochromocytoma the simultan- 
eous determination of blood pressures in both 
arms was necessary during the Regitine tests. 

A fourth difficulty concerns previous medi- 
cation.1! Before any of these tests, adminis- 
tration of any sedative or narcotic should be 
prohibited for at least 48 hours and possible 
self-medication should be checked, or the phar- 
macologic tests may yield false-positive results. 
In patients with paroxysmal hypertension, 
sedatives inhibit the rise of blood pressure 
during the cold pressor test. As a result, the 
increase of blood pressure during the hista- 
mine test may be greater than that during the 
cold pressor test, and thus may suggest the 
presence of a tumor that does not exist. 

In patients with sustained hypertension, 
sedatives and tranquilizers may cause a fall in 
blood pressure typical of that produced by 
pheochromocytomas following the intravenous 
administration of Regitine (fig. 2) and this 
would be a false-positive result. 

On the other hand, various antihypertensive 
drugs may produce false-negative results. 
Since most of these drugs act longer than seda- 
tives, the difficulties are even greater (fig. 2). 
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Figure 2 

False-positive and false-negative results of tests 
with Regitine. (Reproduced with permission from 
the publishers and the authors. Roth, G. M., and 
Kvale, W. F.: Evaluation of pharmacologic tests 
as an aid in diagnosis of pheochromocytoma. With 
report of a case of pheochromocytoma and tuber- 
culosis. Dis. Chest 32:292-302; 304, 1957.) 


Regitine tests on 3 of our patients were nega- 
tive while they were receiving antihyperten- 


sive drugs, but were positive after use of these 
drugs was stopped for 8 to 10 days. Tumors 
were subsequently found at operation. 

The difficulties due to use of vasoconstrict- 
ing drugs will be described with the pressor 
amines. 

One patient had a good history of attacks 
for pheochromocytoma when lying on his left 
side, but our first pharmacologic tests on him 
gave negative results because he was taking 
various antihypertensive drugs. When he re- 
turned 6 months later, he had not been taking 
any drugs. During this examination basilar 
artery thrombosis and myocardial infarction 
occurred (fig. 3). Later in the hospital turn- 
ing on his left side raised the blood pressure 
and produced severe headache. While he was 
lying on his back, his blood pressure was 
130/90; when he turned onto his left side, it 
rose to 280/190. Blood drawn at the height of 
the blood pressure (fig. 3) contained 30.7 ug. 
of pressor amines per liter of plasma. When 
5 mg. of Regitine were given, the blood pres- 
sure fell rapidly but rose again. This reaction 
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Figure 3 
Left. Cold pressor test and negative response (o 
histamine and Regitine during administration of 
various drugs. Right. Six months later when the 


. patient had had no drugs. After the patient turned 


on the left side the blood pressure rose from 130/90 
to 280/190 and the classic severe headache, pallor, 
and excessive sweating occurred. On return to the 
supine position, blood pressure fell rapidly. An 
80-Gm. tumor was removed later. 


was positive for pheochromocytoma. A tumor 
weighing 80 Gm. was successfully removed. 

The ideal time to do the pharmacologic tests 
is before any antihypertensive drugs are 
given. If this is impossible, administration of 
antihypertensive drugs should be discontinued 
for 8 to 10 days. 


Observations on Blood Pressure 

In our series of patients with pheochromo- 
eytoma, the average basal blood pressure of 
those with normal blood pressure between ep:- 
sodes was 117/78, that of the patients wi‘! 
labile blood pressure was 151/105, and that cf 
the patients with sustained hypertension w:s 
215/146. The increases in blood pressure ©” 
the cold pressor test were the same for p:- 
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nts with normal blood pressure between 
a tacks and for patients with labile blood pres- 
sre. Although the rise with histamine was 
; ghtly greater in the patients with normal 
ood pressure (108/59) than in those with 
: bile blood pressure (75/46), the basal level 
is considerably higher for patients with 
‘bile blood pressure. Although we suggest 
at a fall in blood pressure of 35/25 may be 
“nsidered as being a positive result of the 
Regitine test, the average fall on testing in 
yur 19 patients who were later proved to have 
1eochromocytoma was 78/53. 


Tests for Pressor Amines 

Turning to the chemical tests on the blood, 

it seems obvious that if increased amounts of 
pinephrine and norepinephrine could be 
found in the blood at the height of the par- 
xysmal attack or in the blood of the patient 
with sustained hypertension, the accurate 
diagnosis of pheochromocytoma would be rela- 
tively simple. In 1953 fluorometric methods 
were developed for the determination of pres- 
sor amines in the plasma by Lund,!? Natelson 
and associates,4* and by Weil-Malherbe and 
sone.!4 15 The last method was modified by 
Manger and associates!® for the separation of 
epinephrine and norepinephrine. For a time 
we used the Manger modification, but recently 
we have been determining only the total epi- 
nephrine-like substances by the method of 
Weil-Malherbe and Bone as an aid to diag- 
nosis. 

In our series of 490 patients without pheo- 
chromocytoma on whom 572 determinations of 
pressor amines (epinephrine-like substances 
in the plasma) were made, the mean values 

vere 2.5 wg. per liter of plasma, with a range 
0.75 to 5.5 wg. The concentration of pressor 

ines in 36 patients with pheochromocytoma 
caged from 6.9 to 360 yg. per liter of plasma. 
i falls 


't has become evident on use, however, that 
chemical tests for pheochromocytoma pre- 

it pitfalls, just as do the pharmacologic tests. 
0d collected when the tumor is not secret- 
in: will contain small or normal amounts of 
nephrine and norepinephrine. However, if 
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Left. Normal blood pressure and normal pressor 
amines before positive histamine test. Center. 
Catecholamines negative elsewhere. With positive 
results of the Regitine test, pressor amines in blood 
were increased at the height of the blood pressure. 
An 80-Gm. tumor was removed later. Right. Nega- 
tive results of histamine and Regitine tests with 
increased level of pressor amines. Exploration 
showed a lymphoblastoma, but no pheochromocy- 
toma. 


the blood is obtained before and at the maxi- 
mal increase of blood pressure during a his- 
tamine test (fig. 4), the pressor amines are 
greatly increased in a patient with pheochro- 
mocytoma. Therefore, normal blood pressure 
and normal plasma pressor amines before his- 
tamine may be only a false-negative result. 

In contrast, in certain conditions such as 
azotemia, jaundice, and lymphoblastoma, 
fluorescent substances other than pressor 
amines are present in the blood and appear 
with the technic used as increased amounts of 
pressor amines. In 1 patient with lymphoblas- 
toma, results of the pharmacologic tests were 
negative for pheochromocytoma but the clini- 
eal findings and an elevation of pressor amines 
indicated a pheochromocytoma. An adrenal 
tumor was not found on exploration or later 
at necropsy (fig. 4). 

Chlorpromazine (Thorazine) may increase 
fluorescent substances other than pressor 
amines in the blood; 1 patient with a high 
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Figure 5 


Left. Note the elevation of blood pressure during 
the cold pressor test and rapid prolonged fall in 
blood pressure after administration of Regitine. 
Center. After the nose drops were discontinued, the 
fall in blood pressure following the injection of 
Regitine was much less. Right. Before the explora- 
tory operation was curried out another test showed 
that the levels of pressor amines in blood had re- 
turned to normal. No tumor was found at opera- 
tion. 


level of substances presumed to be pressor 
amines died and an adrenal tumor was not 
found. Tetracycline also causes the appearance 
of fluorescent substances other than pressor 
amines. A normal volunteer took 3 doses of 
tetracycline of 250 mg. each by mouth 6 hours 
apart. After the third dose, presumably the 
level of pressor amines had increased from 1.9 
to 6.9 ug. per liter of plasma. Extremely high 
levels (7.4 to 40 yg. per 100 ml. of plasma) of 
fluorescent substances were found in 4 pa- 
tients receiving this antibiotic. After admin- 
istration of the drug was stopped for 4 to 6 
days, these values decreased. One of these 
patients was explored and no adrenal tumor 
was found. It was significant that results of 
the Regitine tests were negative in these 
patients. Other drugs also may have such 
fluorescent properties. 

Two further difficulties have arisen. First, 
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there is evidence that the concentration o 
pressor amines may be depressed in a patien 
with pheochromocytoma during the early ad 
ministration of antihypertensive drugs. How 
ever, the growth of the tumor is not inhibite: 
and, as it grows, the increase in levels of pres 
sor amines may be re-established and bloo 
pressure may increase even though use of th 
antihypertensive drug is continued. 

An annoying side reaction to Rauwolfia i 
nasal stuffiness.17 Many vasoconstrictors ar 
used loeally for this difficulty and also fo 
vasomotor rhinitis and asthma. These sul 
stances produce high levels of pressor amin 
in the blood and increased amounts of cat: 
cholamines in the urine. Such increases hay 
been interpreted as due to pheochromocytom: 
These vasoconstrictive drugs also produce 
profound fall in blood pressure for as long as 
40 minutes after the intravenous injection of 
Regitine (fig. 5). In contrast, in the presen 
of a pheochromocytoma the fall in blood pres- 
sure may be as great, but the pressure begins 
to inerease in 3 to 4 minutes and returns {o 
the basal level in 10 to 15 minutes. The pro- 
longed lowering of blood pressure from the 


- vasoconstrictor drugs after injection of Regi- 


tine alerts the physician to the possibility 
that something other than a pheochromocytoma 
is producing the response. We have never ad- 
ministered any vasoconstrictor drug during 
this prolongation of lowered blood pressure. 
Six other patients who came with a history of 
positive pharmacologic tests and elevated pres- 
sor amines were using nasal vasoconstrictor 
drugs. After use of the drugs was stoppe 
the tests were negative. 

Forty-five additional determinations for 
pressor amines on patients who had been re- 
ceiving vasconstrictor substances for nas 
stuffiness or asthma, or tetracycline, gave 
average of 8.2 yg. per liter of plasma, wit! 
range of 4 to 40 pg. 


An Unusual Circumstance Giving 
False-Positive Reactions 
An interesting diagnostic problem was present 
by a 21-year-old paraplegic patient with nor 
levels of blood pressure who periodically | 
severe headaches, excessive sweating, and a sig 
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nt elevation in blood pressure. A pheochromo- 
oma in the urinary bladder was suspected. The 
d pressor test showed a slight hyperreaction. 
e initial blood pressure was low, but during the 
<t 40 minutes it rose to 210/132, with sweating, 
ie shaking, and a severe headache (fig. 6). Blood 
iwn at this time showed an elevated level of 
‘ssor amines. Administration of 5 mg. of Regi- 
e produced a positive reaction for pheochromocy- 
1a. At the end of 10 minutes when the blood 
ssure was lower, the sweating ceased. 
Because of previous experience with paraplegic 
ients, the bladder was emptied. Blood pressure 
urned to normal, and a histamine test carried 
30 minutes later gave negative results but the 
el of pressor amines in the plasma was still 
vated at that time. 
The next day, after the bladder was emptied, 
‘ther histamine test gave negative results, and 
centrations of pressor amines and catecholamines 
re found to be normal also. By filling the blad- 
‘ with air in increments of 20 to 30 ml., the 
od pressure could be elevated to 210/132, with 
eating and headache. The symptoms were due 
to the mass reflex produced by filling of the blad- 
der in a paraplegic patient. 


Correlation of Results of Pharmacologic Tests 
and Tests for Pressor Amines with Failure to 
Find Pheochromocytoma at Operation 


In our laboratory 13,834 pharmacologic 
tests were earried out on 12,713 patients. 
Tumors were diagnosed and removed at oper- 
ation from 66 patients. No tumors were found 
in an additional 16 patients who underwent 
exploratory operation because of one positive 
test, or for clinical reasons, or who had a 
positive test but died before any operation. 
‘ight of these 16 patients reacted positively 

1 Regitine test, but of these 8, 6 subse- 
vently had a negative result from one or 

re Regitine tests before operation. Two of 

8 had high values for pressor amines 
sitive finding) because of epinephrine in 

e drops. Of the other 8 patients, 2 had 

sitive results of the test for pressor amines 

the results of the Regitine tests were 
zative ; 3 had a positive result from one his- 
uine test but negative results were obtained 
other histamine tests before operation. The 
se-positive results to the histamine tests 

‘e due in 1 patient to Regitine taken by 

uth for 2 months, in 1 to sedation for head- 

ie, and in 1 to a severe migraine headache. 
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Figure 6 


Abnormal pressor responses in paraplegic patient 
with full bladder. 


The tests on the other 3 patients gave negative 
results, but exploratory operations were ear- 
ried out for clinical reasons. 

In contrast, recently 1 patient who had 
taken various drugs and frequently had some 


attacks with hyperventilation before he ar- 
rived for the pharmacologic and chemical tests 
had negative results of histamine and Regitine 
tests and normal levels of catecholamines in 
both the plasma and urine on 5 different days 
during a period of 21 months. We did find, 
however, that 2 minutes after exercise and 
hyperventilation (that is, 2 minutes after 
bending and standing for 2 minutes and hy- 
perventilating for 5 minutes) the blood pres- 
sure rose from 150/116 to 194/120. Following 
this procedure the pressor amines rose from 
3.0 to 9.8 wg. per liter of plasma when the 
blood pressure was 194/120. Urine collected 
half an hour later contained 40 yg. per 100 ml. 
A 32-Gm. tumor was removed. 


Catecholamines 

Turning to urinary catecholamines, in 1950 
Engel and von Euler?*: 1° indicated that the 
biologic assays of catecholamines reported by 
Holtz and associates?® and later by Helmer?! 
and themselves could be used in the diagnosis 
of pheochromocytoma. In 1951 Goldenberg 
and Rapport 2* 2% modified the von Euler test 
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Variations in blood pressure during operation for 
removal of a pheochromocytoma. 


and made it a chemical method for determina- 
tion of catecholamines in the urine, which they 
consider the best test. Numerous methods are 
now available for determining catecholamines. 

At present we are using the von Euler and 
Floding methods** for determining catechola- 
mines in the urine as modified by Sobel and 
Henry.”* In a series of 290 specimens of urine 
from 287 patients without pheochromocytoma 
the average concentration of total catechola- 
mines was 9.4 pg. per 100 ml. The average 
24-hour output was 113 pg. In 4 of our pa- 
tients with proved pheochromocytoma, the 
catecholamines in the urine 30 minutes after 
injection of histamine ranged from 42 to 2,649 
pug. per 100 ml. After removal of the tumor, 
the patient who excreted 2,649 ng. per 100 ml. 
(48.0 ng. per mg. of creatinine) excreted 6 pg. 
per 100 ml. (6.6 ng. per mg. of creatinine) 30 
minutes after the histamine test. 

The fact still remains, however, that a 
pheochromocytoma may not secrete continu- 
ously, and normal levels of catecholamines may 
be obtained. On the other hand there are re- 
ports*® of excretion of normal levels even 
when attacks have occurred spontaneously or 
have been induced with histamine. Also, pa- 
tients using vasoconstrictor substances have 
shown increased levels of catecholamines. 
With the finding of norepinephrine in banan- 
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as, more excretion of norepinephrine may be 
explained on this basis. 


Surgical Aspects and Precautions 

Various hazardous conditions may occur 
before, during, and after operation, and cer- 
tain precautions should be taken. Before oper- 
ation we have found that many active tumors 
are stimulated by the fall in blood pressure 
after the hypodermic administration of as lit- 
tle as 50 mg. of meperidine hydrochloride 
(Demerol) and 200 grains of phenobarbital 
(Luminal). Alarmingly high blood pressures 
may ensue that can be counteracted by an in- 
travenous injection of Regitine, which should 
be at hand. With the inductfon of anesthesia 
the blood pressure again may rise to excessive 
heights (fig. 7). It has been our custom to 
take the blood pressures at minute intervals 
during the operation and to give Regitine 
when needed in order that the level of blood 
pressure may be safe for the surgical proce- 
dures being performed. Whenever the tumor 
is stimulated by manipulation, the blood pres- 
sure may rise and Regitine may or may not 
be necessary. When the tumor is removed, a 
sudden fall in the blood pressure takes place. 
It is wise to wait a few minutes before pro- 
ceeding with the operation to determine 
whether the blood pressure rises again. The 
fall after removal of the tumor may stimulate 
secretion from another tumor, if one is pres- 
ent, that will increase the blood pressure. We 
have looked for and found additional tumors 
because of such observations. If the fall in 
blood pressure is maintained for several min- 
utes, norepinephrine (levarterenol, Levophed ) 
is administered. The amount of norepineph 
rine required and the length of time that 
this substitution therapy is necessary varies 
from patient to patient. Little or no prediction 
ean be made. It may be necessary to give nor- 
epinephrine at intervals from 6 to 72 hours, 
and in a couple of instances none was needed. 

Another precaution can be suggested for 
general surgery. If a hypertensive reaction 
occurs during any operative procedure, the 
presence of a pheochromocytoma might be 
suspected. Regitine could be administered to 
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mfirm the diagnosis of pheochromocytoma, 
ud the use of this drug could protect the 
atient until the pheochromocytoma is re- 
ioved. Bartels and Cattell*? have reported 4 
italities during lumbar sympathectomy, re- 
air of an incisional hernia, a thoracic opera- 
on, and a gastrectomy due to unsuspected 
heochromocytoma. In our experience a hy- 
ertensive crisis occurred in the course of an 
peration for removal of the gallbladder; the 
drenal gland was explored, a pheochromocy- 
ma found and removed, and then the gall. 
ladder was removed at the same operation. 


Discussion 

The correct diagnosis of pheochromocytoma 
s still difficult, and the surgical excision is a 
iazardous procedure unless the blood pressure 
is controlled during and after the operation. 
‘Thus pheochromocytoma is a challenge to the 
clinician, to the physiologist, to the biochemist, 
and to the surgeon. 

The greatest obstacle to the successful diag- 
iosis of pheochromocytoma from pharma- 
cologie and chemical tests is previous medica- 
tion. For determinations of the pressor amines 
in the plasma and urinary catecholamines of 
patients with paroxysmal hypertension, stimu- 
lation of the adrenal tumor is often necessary 
for the increased excretion indicative of pheo- 
chromocytoma. No one test is infallible, and 
knowledge concerning the drugs used or the 
inanner in which the blood and urine are col- 
lected, or both, is necessary to avoid a false- 
positive or false-negative result from the test. 

The Regitine test following the histamine 
‘ost is a good index of the amount of Regitine 
necessary to control the blood pressure dur- 

‘g operation and gives some indication of the 
‘mount of norepinephrine (Levophed) to be 

‘epared for use following removal of the 

imor. 

The most frequently asked questions are 

|) how many patients are screened to find 

e large number of adrenal tumors, and (2) 

)w many deaths have occurred during opera- 

on? To July 1, 1959, we have carried out 

},834 pharmacologic tests on 12,713 patients, 

'4 tests for pressor amines on 526 patients, 
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and 305 tests for catecholamines on 293 pa- 
tients. Seventy-six pheochromocytomas have 
been diagnosed and successfully removed from 
66 patients at the Mayo Clinic. No untoward 
effects or deaths have occurred in our cases 
during the pharmacologic tests, during opera- 
tion, or immediately after operation. 


Summary 

Today pharmacologic and chemical tests are 
helpful in sereening a relatively large num- 
ber of patients for pheochromocytoma and are 
a definite aid to a correct diagnosis. No one 
test is infallible, and knowledge concerning 
the drugs used or the manner in which the 
blood and urine are collected, or both, is neces- 
sary to avoid a false-positive or false-negative 
result from the tests. 


Summario in Interlingua 


In nostre dies, tests pharmacologic e chimic es de 
adjuta in examinar relativemente grande numeros de 
patientes pro deteger pheochromocytoma. Illos es defi- 
nitemente utile in establir le correcte diagnose. Nulle 
test individual es infallibile. Un detaliate cognoscentia 
del drogas usate e del maniera in que le sanguine e 
le urina es colligite debe esser disponibile si on vole 
evitar resultatos false-positive o false-negative. 
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CORONARY ARTERY DISEASE 
Currarino, G., Silverman, F. N., and Landing, 

B. H.: Abnormal Congenital Fistulous Com- 

munications of the Coronary Arteries. Am. J. 

Roentgenol. 82: 392 (Sept.), 1959. 

Three instances of congenital fistulous com- 
munications between a coronary artery and a 
cardiac chamber are reported. In 1 patient, an 
ll-year-old child, a fistulous communication be- 
tween an enlarged right coronary artery and the 
right ventricle was demonstrated by retrograde 
aortography. The second case was that of an in- 
fant who, at autopsy, showed an enlarged super- 

umerary aortic coronary artery communicating 

th the right atrium. An autopsy on the third 
tient, an infant, revealed a congenital atresia 
' the pulmonary artery orifice with intact ven- 
cular septum and an enlarged right coronary 
tery that drained into the right ventricle. Con- 

‘ital communication anomalies of the coronary 
rceries consisted of a fistulous connection be- 

en a main coronary artery or 1 of its branches 
al | structures outside of the heart, the main pul- 

lary artery, another coronary artery, a coro- 
y vein or the coronary sinus and, a cardiac 
nber. The fistulous tract and the vessel froni 
ch it arose were often enlarged and tortuous 
at times aneurysmal. The nature of these 
formations was not certain but microscopic 
munications normally connect the coronary 
ries with all the structures mentioned. It is 
ible that the fistulous form resulted from dila- 
m of normal channels rather than a truely de- 
pmental anomaly. The literature is reviewed 
clinical remarks are also included. 
KRAUSE 
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Di Cantogno, V. L., Chiche, P., and Baillet, J.: 
Subendocardial Ischemia or Generalized Coro- 
nary Insufficiency. Anatomapathologic Con- 
siderations. Arch. Inst. cardiol. México 29: 
65 (Jan.-Feb.), 1959. 

A eritical analysis of the similarities and differ- 
ences between subendocardial anoxemic necrosis 
and myocardial infarction was made. In spite of 
their variability, subendocardial lesions always 
showed a marked contrast between the intensity 
of the interfibrillary edematous reaction and the 
relative discreteness of the myocardial necrotic 
changes. Clinically the word “infarction” is rele- 
gated to a limited significance, describing the mas- 
sive destruction of a well-defined zone in the 
ventricular wall, almost always secondary to acute 
occlusion of a coronary artery. On the other hand, 
subendoeardial necrosis refers to patchy lesions 
irregularly disseminated in the deep muscular 
layers of the left ventricle. The lesions do not 
have a precise limitation and, furthermore, they 
are reversible when the fibers are slightly injured. 
Subendocardial ischemia secondary to generalized 
coronary insufficiency either cardiac or extracar- 
diac, anatomic or functional, may oceur in some 
conditions that are still placed in the border be- 
tween physiologic and pathologic (tachycardia, 
transient imbalance of coronary flow, ete.) or may 
be the expression of a definitely pathologie condi- 
tion (coronary occlusion, thrombosis, ostial steno- 
sis, shock, ete.). The prognosis depends upon the 
cause of the coronary deficit rather than on the 
myocardial alterations. 


BRACHFELD 
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Garamella, J. A., Andersen, J. G., Oropez, R.., 
Velosa, A., Song, K. T., Hay, L. J., and Naidu, 
R.: Antifibrillatory Agents and Surgery Tested 
by Closed Chest Coronary Occlusion in the Pig. 
Surgery 45: 292 (Feb.), 1959. 

The authors studied 145 apparently healthy 
stockyard pigs (12 to 30 Kg. weight range) with a 
reliable method of acute closed-chest coronary 
artery occlusion. In the control group of 45 pigs, 
fatal ventricular fibrillation occurred 114 to 5 
minutes following the occlusion in two thirds of 
the animals. The longest survival time in this 
group was 2714 minutes. Pretreatment by antifi- 
brillatory agents gave the following total acute 
and chronic survival percentages: Roche 2-5803 
44.4 per cent (acute 5.5, chronic 38.9) ; Quinidine 
36.6 per cent (acute 20, chronic 16.6); Pronestyl 
6.6 per cent (acute 6.6). Pretreatment by various 
surgical procedures was also investigated. Acute 
internal mammary artery ligation afforded no 
protection. Internal mammary artery ligation 
with coronary artery occlusion performed 58 to 
69 days afterwards resulted in 33.3 per cent sur- 
vival. The Beck I operation followed by coronary 
artery occlusion 52 to 102 days later gave 27.7 
per cent protection. It was concluded that the 
incidence of ventricular fibrillation in the pig 
following acute closed-chest occlusion of the left 
anterior descending coronary artery at its bifur- 


cation could be reduced by several antifibrillatory 
agents and surgical procedures. 


KITCHELL 


Himbert, J., Lenégre, J., and Tintoret-Ferrer, S.: 
Anatomic and Electrocardiographic Study of 15 
Lateral Myocardial Infarctions. Arch. mal. 
coeur 52: 841 (Aug.), 1959. 

Of 204 anatomic and clinical observations of 
myocardial infarction, pure lateral localization 
was found in 15 eases (7.3 per cent). Of the 2 
patients showing no specific signs (only a left 
ventricular hypertrophy and “strain” pattern ex- 
pected in hypertension), 1 had a very small suben- 
docardial and 1 a small subepicardial infarction; 
in the former case wide and deep Q waves were at 
first present in leads I and V,, but disappeared 
after 2 years. In 1 case S-T depression in V; to 
V, and in 2 §-T elevation or pointed inverted T 
waves in V,., were the only suggestive signs. The 
remaining 10 cases showed deep and wide Q 
waves in leads V:, Ve;:, or Viz; in 4 these signs 
were present also in leads I and aV,, while in 5 
they were present also in leads III and aV;,; 
extension toward the posterior wall was present 
in only 3 of these. This extension depends on the 
length of the left circumflex artery. The distribu- 
tion of the electrocardiographic signs on the 


ABSTRACTS 


limb leads accordingly depends more on cardia 
rotation than on the actual extension of the iz 
fareted area. If the standard limb and precordi: 
leads show only borderline changes, leads Vs an 
V, or high precordial leads may prove mor 
definite, especially if in V, R exceeds 8S. Compar 
son with previous tracings is also of great in 
portance in questionable cases. 

LEPESCHKIN 


Jestadt, R., and Sandritter, W.: Experience wit 
the TTC Reaction (Triphenyltetrazolium Chi 
ride) in the Pathologic Diagnosis of Fresh My 
ocardial Infarction. Ztsch. Kreislaufforsch. 48 
802 (Sept.), 1959. 

In 112 eases of fresh myoeardial infaretior 
sections of ventricular muscle were incubated 1 
hour at 37 C. in buffered TTC solution. Absen 
of the usual red coloring due to presence of dehy 
drogenases was usually found in a larger area 
than that corresponding to macroscopically visible 
myocardial necrosis. In 44 eases no myocardi:l 
necrosis was visible macroscopically but the TTC 
reaction showed absence of dehydrogenases, and 
in 11 of these no microscopic signs of necrosis 
could be found. In 4 eases of infarction oceurring 
1 to 3 hours before death both histologie appear- 
ance and TTC reaction were normal. On the other 
hand, the TTC reaction was absent in spots in 5 
of 40 hearts without coronary sclerosis; in sone 
of these, contact between the specimen and the 
solution may have been deficient at the bottom 
of the glass. In 14 hearts with fatty degeneration 
and in 1 with interstitial myocarditis, spotty ab- 
sence of the reaction was found. In 28 rabbits 
the reaction was negative in the region of experi- 
mental myocardial infarction 3 to 4 hours after 
coronary ligation, but in these eases histologic 
changes were also found in this region. Absence of 
dehydrogenases, which eseape from the heart muscle 
due to increased permeability as a result of anoxia, 
can accordingly be of great importance in tlie 
postmortem diagnosis of fresh myocardial infare- 
tion, if it occurs at least 3 or 4 hours before death. 


LEPESCHKIN 


Jolliffe, N., and Archer, M.: Statistical Associ:- 
tions between International Coronary Hea:t 
Disease Death Rates and Certain Enviro- 
mental Factors. J. Chron. Dis. 9: 636 (June), 
1959. 

A new approach to the study of the relatic» 
ship between diet and coronary heart disease 
used in analyzing international food and mort: | 
ity statistics gathered in 20 countries by 2 Unit 
Nations agencies. Saturated fats were dist) 1- 
guished from polyunsaturated fats, and indepen |- 


Circulation, Volume XXI, May 1:50 





‘ BSTRACTS 


»-t variables were treated in pairs. Countries 
ch as the United States, Australia, Canada, 
nland, New Zealand, and the United Kingdom 
owed a high death rate in coronary heart dis- 
se in men aged 55 to 59 years and also with 
zh ealoric, high animal protein, and high fat 
take, especially saturated types of fat. In Nor- 
iy, Sweden, and Denmark, where the total fat 
take is high but where the percentage of un- 
turated fats is higher than in other Western 
untries, death rates from coronary artery dis- 
se were lower. In countries where there are 
iny telephones, the proportion of saturated 
pes of fat in the diet was higher! Whatever 
ie explanation for the increase in saturated fat 
msumption, the authors believe that environ- 
nental factors play an important role in the dif- 
erences of death rates from coronary heart dis- 
‘ise among countries. The saturated food fats 
tudied comprised land animals, eggs, cow’s milk, 
ard, tallow, coconut, and cocoabean. The poly- 
insaturated fats ineluded vegetable oils and ma- 
rine mammals. 
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Kahn, P. M., and Prozan, G. B.: Hyperuricemia— 
Relationship to Hypercholesteremia and Acute 
Myocardial Infarction. J.A.M.A. 170: 1909 
(Aug. 15), 1959. 

Hyperuricemia appears to be a concomitant of 
myoeardial infaretion with practically the same 
degree of frequency as hypercholesteremia. Of 35 
men studied, 79 per cent, showed serum uric acid 
levels above 6 mg. per 100 ml. It is recommended 
that im assessing proneness to coronary heart 

isease the serum uric acid be considered. It is 
also advisable to use probenecid in the presence 

' hyperuricemia as prophylaxis against coronary 
sease. 


KITCHELL 


.evinson, D. C., Shubin, H., Gunther, L., and 
Meehan, J. P.: Hemodynamic Findings in Heart 
Block with Slow Ventricular Rates. Am. J. 
Cardiol. 4: 440 (Oct.), 1959. 

Right heart catheterization was done in 6 

‘lerly patients with ventricular rates below 40 
r minute due to partial or complete heart block 
ulting from coronary artery disease. The right 

‘ rial, right ventricular, and pulmonary artery 
stolie pressures were slightly or moderately 
vated while the mean brachial artery pressure 
s reduced. The vascular resistance both in the 
lmonary and systemic circuits was elevated. 
ygen consumption and cardiac index were re- 

| ced although in most patients the stroke vol- 
e was slightly increased. A waves were trans- 
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mitted both to the right ventricle and pulmonary 
artery, and’ these waves were gigantic when con- 
current with a closed tricuspid valve. The injec- 
tion of 0.15 mg. of isoproterenol into the pul- 
monary artery of 2 patients was followed by an 
increase in ventricular rate and cardiac output, 
a decrease in arteriovenous oxygen difference, a 
decrease in pulmonary and systemic vascular re- 
sistances; there was no change in oxygen con- 
sumption or stroke volume. 
ROGERS 


Prinzmetal, M., Kennamer, R., Merliss, R., Wada, 
T., and Bor, N.: Angina Pectoris. I. A Variant 
Form of Angina Pectoris, Preliminary Report. 
Am. J. Med. 27: 375 (Sept.), 1959. 

Thirty-two cases are described as a variant of 
angina pectoris lacking the 2 major characteristics 
of the classic form: relation to effort with relief 
by nitroglycerin and electrocardiographic changes 
during the pain consisting of S-T depression in 
standard limb leads. In this variant, pain is not 
precipitated by effort but occurs at rest or during 
ordinary activity during the day or night. During 
an attack, S-T segments are elevated with recip- 
rocal depression in the standard leads. The pain 
of the variant is often cyclic aud periodic, fre- 
quently described as waxing and waning. It is 
suggested that this syndrome results from tem- 
porary occlusion of a large diseased artery due to 
increased vessel tonus. In 3 autopsied cases a 
tiny but patent lumen was found in a large 
diseased coronary artery. The variant angina may 
end in progressive coronary artery disease, re- 
mission, or death. Therapy may inelude anti- 
coagulants, long-acting nitrites, antiarrhythmic 
drugs. Nylidrin, a sympathetic vasodilator, offers 
promise. 


KURLAND 


Rowe, G. G., Maxwell, G. M., Castillo, C. A., 
Crumpton, C. W., Botham, R. J., and Young, 
W. P.: Evaluation of the Effect of Bilateral 
Internal-Mammary-Artery Ligation on Cardiac 
Output and Coronary Blood Flow. New England 
J. Med. 261: 653 (Sept. 24), 1959. 

In 5 patients with angina pectoris the cardiac 
output and the coronary blood flow were deter- 
mined before and after bilateral internal mam- 
mary artery ligation. Neither the coronary blood 
flow nor the coronary-sinus oxygen content were 
consistently changed by the procedure. It is con- 
cluded that this study is in agreement with others, 
indicating that the beneficial effect of internal- 
mammary-artery ligation on angina pectoris is 
probably only a placebo effect. 

SAGALL 
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Shipp, J. C., Sidel V. W., Donaldson, R. M. Jr., 
and Gray, S. J.: Serious Complications of Pep- 
tic Ulcer after Acute Myocardial Infarction. 
New England J. Med. 261: 222 (July 30), 1959. 
Attention is called to the fact that in certain 

patients an acute myocardial infarction may con- 

stitute an acute ulcerogenic stimulus. The his- 
tories of 6 patients who developed severe ulcer 
complications within 1 to 24 hours after docu- 
mented acute myocardial infarction are reported. 

Two suffered massive gastrointestinal hemorrhage 

and 4 developed perforation of an ulcer. In 10 

other patients with documented myocardial in- 

farctions but with no history suggesting peptic 
ulcer disease, an abnormally increased urinary 
pepsinogen excretion was found in 4. The uropep- 
sin excretion in these 4 patients gradually de- 
creased to normal levels during the period of con- 
valescence. A comparable increase was not found 
in 10 control patients with coronary artery disease 
without recent infarction. The adrenal response, 
as measured by urinary excretion of 17-ketoster- 
oids and 17-hydroxyecortocoids, in the patients 
with acute myocardial infaretion did not differ 
from that of the control group. In view of the 
findings reported the authors recommend that in 

a patient with acute myocardial infarction to- 

gether with past or present symptoms of peptic 

ulcer an ulcer regimen be instituted prophylac- 
tically and that anticoagulants be withheld. 


SAGALL 


ELECTROCARDIOGRAPHY, 
VECTORCARDIOGRAPHY, 
BALLISTOCARDIOGRAPHY, AND 
OTHER GRAPHIC TECHNICS 


Burch, G. E., and DePasquale, N.: The Electro- 
cardiogram and Ventricular Gradient in Atrial 
Septal Defect. Am. Heart J. 58: 190 (Aug.), 
1959. 

The electrocardiograms in 100 instances of 
atrial septal defect proved by catheterization, 
surgery, or autopsy were reviewed and studied. 
The electrocardiographic picture was found to be 
fairly characteristic with prominence (large mag- 
nitude or duration) of the S waves in leads I, Vs, 
and V, and of R’ waves in leads V, and V:. With 
septum defects there was, in addition, left axis 
deviation of the QRS or Agzs; this did not ap- 
pear in any of the 90 patients with septum secun- 
dum defect. With septum secundum defects the 
axis was shifted toward the right, resulting in 
an S wave of considerable magnitude in leads II 
and III. In spite of right atrial enlargement the 
P wave was not particularly altered, except in 
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lead V,. Although the electrocardiograms in the: 
patients showed patterns suggestive of rig! 
bundle-branch block it is pointed out that, in lir 
with previous studies, the mechanism for th 
pattern is not that of an interference with cor- 
duction through the right bundle branch and tha 
therefore, the arbitrary electrocardiographie ¢1 
teria of right bundle-branch block are unreliab] 
The results of this study further indicate t} 
value of the electrocardiogram in differentiati: 
hypertrophy of the crista supraventricularis frc 
that of the entire right ventricle. 
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Clark, L. C., Jr., and Bargeron, L. M., Jr.: Lef 
to-Right Shunt Detection by an Intravascul:: 
Electrode with Hydrogefi as an Indicator. Sc - 
ence 130: 709 (Sept. 18), 1959. 

A platinum black electrode produces sizal 
potentials, with respect to a reference electrod: 
when exposed to blood containing hydrogen. Po- 
tentials of up to 300 mv. are observed, and thes 
are relatively simple to record, even in the pres- 
ence of the potentials generated by the heart. 
Platinum black electrodes retained their sensi- 
tivity over several weeks even though allowed to 
become dry, repeatedly exposed to blood, cleaned, 
and sterilized by soaking in 70 per cent alcohol 
or by autoclaving. A silver chloride-coated silver 
plate brought in contact with the skin through a 
saline-soaked pad was the most convenient ref- 
erence electrode. A child with known pulmonary 
stenosis and ventricular septal defect and a pre- 
dominant left-to-right shunt was studied. The 
electrode-tipped catheter was first located in the 
right ventricle and then withdrawn into the in- 
ferior vena cava. An inspiration of hydrogen was 
made with the catheter at each location. A ‘ 
second-delay fast-slope curve was obtained 
the right ventricle demonstrating the existence 
of a left-to-right shunt. This was subsequen' 
confirmed by blood oxygen analysis and cinean:i- 
ography. The potentials developed by the plati 
num black-tipped catheters are not strictly qu 
titative, but the differences in timing rate 
response and final potential are so great ti 
there is little difficulty in distinguishing betw:° 
left and right heart blood after inspiration 
hydrogen. The authors at present are attempt 
to develop a multiple electrode catheter wher 
hydrogen potential measurements may be m 
simultaneously at various points and where b! 
samples and pressure measurements can be ta 
at the same time. 

LEVINSO 
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nrad, L. L., and Cuddy, T. E.: Activation of 
che Free Wall of the Right Ventricle in Ex- 
perimental Right Bundle Branch Block. Cireu- 
lation Research 7: 173 (Mar.), 1959. 
The activation of the free wall of the right 
utricle was studied in dogs after right bundle- 
inch block was surgically induced. Analysis of 
iltiple electrode recordings indicated that after 
rht bundle-branch block excitation spread radi- 
iy at the earliest activated endocardial point 
d tangentially at later activated points. Endo- 
rdial spread was slower after block, and con- 
ction through a specialized syneytium was 
ther absent or greatly altered. The authors indi- 
te that the altered pattern of activation in 
eht bundle-branch block precludes any estima- 
on of right ventricular wall thickness by meas- 
urement of the time of onset of the intrinsic 
efleetion. 
PAUL 


Hanson, H. E., Jonsson, G., and Karnell, J.: Ca- 
theterization and Selective Roentgenographic 
Demonstration of the Left Ventricle of the 
Heart. Acta Radiologica 52: 33 (July), 1959. 
Catheterization of the left ventricle provides 

valuable information in the following conditions: 

ventricular septal defect with left-to-right shunt, 
common atrioventricular canal, aortic valvular 
stenosis, subaortie stenosis, aortic valvular in- 
competence, mitral insufficiency, combined dis- 
case of the mitral and aortic valves, and patho- 
logic lesions in the ventricular walls such as 
tumors and fibroelastosis. The technic utilized 
was to insert a soft thin-walled catheter through 
an exposed radial artery. The artery was ligated 
after the examination. The method for passing 
the eatheter through the aortic orifice is de- 

‘ribed in detail. The great advantage of this 
chnie is that pressure measurement may be 
irried out without haste, and with the catheter 
| position there is time to give consideration to 
1e question of where and how the contrast me- 
um, isotopes, or dye should be injected to 
‘tain the most information. 

SHEPS 


eckmann, K., and Haubrich, R.: The Electroky- 
mogram in Atrial Septum Defect. Fortschr. 
Rontgenstr. 91: 172 (Aug.), 1959. 
In atrial septum defect the electrokymogram 
the right atrium shows a deeper and more 
olonged presystolie descent and a diminished 
istolie descent (diastolic plateau). The left 
‘ial curve also shows an accentuated presystolie 
scent but the diastolic descent is also accentu- 
ed. The pulmonary artery shows a more rapid 
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outward movement, an earlier summit and a 
lower location of the incisura. These changes can 
be attributed to increased pulmonary flow. The 
aortic curve may show a lower incisura. The same 
characteristics can be found also in ventricular 
septum defects, but in this case the left ventricu- 
lar curve shows a characteristic earlier onset of 
the systolic inward movement, which may occur 
during the isometric tension period. Development 
of pulmonary hypertension and shunt reversal 
causes the pulmonary curve to assume the charac- 
teristics of the aortic curve and vice versa, but 
the curve from the pulmonary artery branches in 
the right hilus retains the characteristic early 
summit. 


LEPESCHKIN 


Koechlin, R., Testoni, F., Narbonne, N. B., and 
de Bonis.: Vectocardiographic Study of the 
Symmetry of the Cardiac Electric Field in Nor- 
mal and Pathologic Subjects. Arch. mal. coeur 
52: 895, (Aug.), 1959. 

In 10 persons with normal and 20 with abnor- 
mal electrocardiograms, vectoreardiograms regis- 
tered with lead I as the transverse, V, as the 
vertical, and V2.0 as the sagittal components were 
compared with those obtained by replacing 1 or 
more of these components with V,o0-V¢R0, the bi- 
polar lead Vgpo-V,g0-Vsgo (left supraclavicular 
fossa), the bipolar lead V,go-V,-Vopo (projection 
of V.o on the back) and the bipolar lead V>po- 
V.0. The precordial positions and amplifications 
(o) were determined for each.individual so that 
they gave the best approximation to the corres- 
ponding limb-lead component. This was accom- 
plished by displaying them at right angles to 
each other until the resultant vector loop showed 
the best approximation to a straight line. A total 
of 6 to 26 vectoreardiograms was registered for 
each person. In most subjects the QRS vector 
loops registered by the different methods were 
nearly identical while the T loops showed minor 
discrepancies. The conclusion is made that in 
most cases the heart behaves as a single dipole 
once the apparent center of this dipole is deter- 
mined. 


LEPESCHKIN 


Kubat, K., Dejdar, R., Widimsky, J., and Valach, 
A.: The Electrokymographic Picture of the 
Heart and Great Vessels in Chronic Cor Pul- 
monale. Cardiologia 35: 207, 1959. 

In patients: with chronic cor pulmonale and 
latent pulmonary hypertension electrokymo- 
graphic investigations showed that filling of the 
pulmonary artery occurred after a longer than 
normal interval from the start of the QRS com- 
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plex in the electrocardiogram and later than in the 
aorta. The interval between filling of the 2 great 
vessels was often longer than in normal subjects. 
In the pathologie cases the tracing of the pul- 
monary artery attained its maximum only at the 
time of the second heart sound, and the incisura 
and the dicrotic wave were often absent. These 
signs were more marked the more severe the 
clinical condition. A normal electrokymogram did 
not exclude pulmonary hypertension with cer- 
tainty, particularly if hypertension became evi- 
dent only with exercise. 
BRACHFELD 


Porstmann, W., and Geibler, W. Retrograde Ca- 
theterization of the Left Ventricle from the 
Femoral and Right Carotid Arteries: Indica- 
tions and Results of Two Complimentary Meth- 
ods. Fortschr. Réntgenstr. 91: 151, (July), 
1959. 

Percutaneous catheterization of the left ven- 
tricle through the femoral artery is the least dan- 
gerous of the 2 methods. The degree and location 
of an aortic stenosis can be best demonstrated 
by continuous pressure measurement during with- 
drawal of the catheter, the degree of aortic re- 
gurgitation by injection of contrast medium into 
the aortic arch. In the presence of major steno- 
sis the left ventricle can sometimes not be 
reached in this way, but injection of dye against 
the aortic valve can still show the stenosis due 
to the diluting jet effect. Catheterization through 
the exposed right common carotid artery was 
possible in 21 of 25 eases of severe aortic steno- 
sis. Demonstration of dye regurgitation into the 
left atrium is diagnostic of mitral insufficiency 
only if sinus rhythm is present; if ventricular 
extrasystoles are elicited by the dye injection, 
it can occur with normal valves. 


LEPESCHKIN 


Pruche, A.: Importance of High Amplification in 
Electrocardiography. Morphologic Analysis of 
Tracings. Normal Subjects. Arch. mal. coeur 
52: 400 (April), 1959. 

In normal persons unipolar leads were taken 
at a sensitivity of 10.12 em. per mv. from 5 radio- 
logically controlled points of the precordial re- 
gion. The characteristic configuration of these 
leads is described. Some of the patterns not 
previously described were a double summit of 
the U wave that became single and greatly ele- 
vated after exercise; a notch at the beginning 
of T, that migrated to the ascending branch of 
T when the heart rate became slower; and a U 
wave that became greatly elevated after long dia- 
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stolic pauses in respiratory arrhythmia. The la:t 
observation favors the interpretation of the 
wave as being caused by protodiastolic ventric: - 
lar filling. 


LEPESCHKIN 


Sodi-Pallares, D., Medrano, G. A., Bisteni, A 
and de Michelli, A.: The Electrograms of tl 
Conductive Tissue in the Normal Dog’s Hear . 
Am. J. Cardiol. 4: 459 (Oct.), 1959. 

Unipolar electrocardiograms were obtained 
the dog from the atrioventricular node, the bund» 
of His, the right and left bundle branches, ar] 
from septal Purkinje fibers via a tiny neede 
electrode inserted precisely into the respective 
areas. The wave forms, as expected, appeared in 
the appropriate portion of.the P-R segment. The 
speed of conduction between the bundle of His 
and the right branch was calculated to be 2,656 
mm. per second while that between the le't 
branch and septal Purkinje fibers was 2,107 mm. 
per second. The right and left bundle branches 
were found to be activated simultaneously. Trac- 
ings obtained from each area are depicted and 
described. Nomenclature is proposed and prob- 
lems for investigation by this technic are con- 
sidered. 


Rocers 


Sotgiu, G. and Tumiotto, G.: Electrocardio- 
graphic Modifications after Administration of 
Glucose. Acta cardiol. 14: 284, 1959. 

In 431 subjects electrocardiograms were re- 
corded 30 minutes after the ingestion of a 150- 
Gm. dose of glucose. Of these patients 31 were 
normal and the majority of the others had heart 
disease. In the normal subjects the glucose test 
showed no electrocardiographie changes. In the 
patients with heart disease, 6 per cent showed 
some modification in the electrocardiogram, con- 
sisting of a reduction or modification of the T 
wave, which disappeared when ATP was given. 
The authors assumed that these electrocardio- 
graphic alterations were related to preexisting 
ischemic conditions and that the changes follow- 
ing glucose ingestion were due to a decrease of 
phosphorylation and cellular oxidation. 


BRACHFELI 


Van Houte, O., and Sternon, J.: Contribution 
the Study of Juvenile Left Ventricular Hyp: :- 
trophy. Acta cardiol. 14: 294, 1959. 

The criteria usually accepted for the elect» 
eardiographic diagnosis of early left ventricu’ 

hypertrophy are discussed. Statistics coveri 2 
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1,.90 patients, between the ages of 18 and 25, 
ar presented, and attention is drawn to the ab- 
se.ce of a significant concordance between the 
fu fillment of the Sokolow criteria and the exist- 
ere of pathologie left ventricular hypertrophy. 
T: e authors emphasize the difficulties in diagnos- 
in» early left ventricular hypertrophy in young 
ac ults. 


BRACHFELD 


Vcitzman, D., and Smith, E. B.: Ischaemic Elec- 
‘rocardiograms in Symptomless Men. Brit. M. 
J. 2: 162 (Aug. 15), 1959. 
{schemie electrocardiograms were identified in 
15 instances of tracings recorded on 100 hospital- 
ized men between the ages of 50 and 80. In each 
instance, the presence of clinical evidence of 
heart disease (either in the past or current) was 
carefully excluded. The electrocardiographic evi- 
denees of myocardial ischemia were large Q 
waves, flattening or inversion of T waves, and 
depression of the S-T segment at rest or after 
exercise. Although these changes in the electro- 
cardiogram are not specific for myocardial ische- 
mia all other possible causes were excluded. The 
authors reemphasize the need for care in using 
electrocardiography in the assessment of chest 
pain which is not necessarily of cardiae origin 
even though the tracing be abnormal. In 59 of 
these men, including 9 with abnormal tracings, 
the serum lipoproteins were examined by paper 
electrophoresis for the presence of an abnormal 
prebeta-lipid band (which corresponds approxi- 
mately with the Sf 20-100 fraction of Gofman 
et al.). The results were compared with those 
of known eases of ischemic heart disease. A mod- 
erate quantity of abnormal lipid was found in a 
similar percentage of both groups and did not 
correlate with clinical coronary disease. A large 
abnormal band did, however, appear to correlate 
th electroeardiographic evidence of myocardial 
ischemia. 


KRAUSE 


olff, L.: Diagnostic Clues in the Wolff-Parkin- 
son-White Syndrome. New England J. Med. 
261: 637 (Sept. 24), 1959. 
Three cases are presented as illustrations of 
fact that the Wolff-Parkinson-White syn- 
1 ome is still frequently misdiagnosed initially 
d that serious consequences may result from 
incorreet diagnosis. It is pointed out that this 
idition should be considered whenever the P-R 
erval measures 0.12 second or less, in every 
e of paroxysmal tachycardia and whenever 
wraventricular tachycardia is promptly inter- 
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rupted after procaine amide. Since Q-S deflec- 
tions often occur in certain leads when anomalous 
conduction is present in the absence of myocar- 
dial infarction, an electrocardiographic or vector- 
cardiographic diagnosis of myocardial infaretion 
cannot be made (nor excluded) in the presence of 
anomalous excitation. 


SAGALL 


ENDOCARDITIS, MYOCARDITIS, AND 
PERICARDITIS 


Engle, R. L., Jr., and Koprowska, I.: The Appear- 
ance of Histiocytes in the Blood in Subacute 
Bacterial Endocarditis. Am. J. Med. 26: 965 
(June), 1959. 

A patient with subacute bacterial endocarditis 
whose peripheral blood contained large numbers 
of histiocytes phagocytizing all the other blood 
elements is reported. The bizarre cells were seen 
particularly in smears obtained from the ear lobe. 
After adequate antibiotic therapy, they disap- 
peared. The cells were of 2 types. First, there 
were large cells measuring up to 20 by 30, in 
diameter and usually containing cytoplasmic in- 
clusions. The nuclei were large, oval or round, 
and occasionally indented. A single, very large, 
distinct nucleolus was often present. Cytoplasm 
was abundant and finely granular. The second 
type of cell was smaller and appeared to be an 
intermediate form between the first type of cell 
and a typical monocyte. Its nuclei had a less 
reticular chromatin pattern, and were frequently 
lobulated or kidney shaped. The cytoplasm had 
moderate numbers of granules. 


RINZLER 


Zinsser, H. F., Blakemore, W. S., Kirby, C. K., 
Johnson, J.: Invalidism due to Recurrent Idio- 
pathic Pericarditis with Recovery after Peri- 
cardiectomy. J.A.M.A. 171: 274 (Sept. 19), 
1959. 

Recurrent idiopathic pericarditis can cause a 
form of invalidism different from that usually 
seen in chronic pericardial constriction or tam- 
ponade. The recurrent chest pain, fever, and 
malaise result in a severe disability. It is often 
characterized by multiple hospitalizations, inabil- 
ity to work regularly, and severe financial hard- 
ship. In 8 cases reported, various forms of medi- 
cal treatment did not relieve the symptoms. In 
all cases recovery ensued after as much as pos- 
sible of the diseased pericardium was removed 
through a sternum-splitting incision and the pa- 
tients returned to work. 


KITCHELL 





HYPERTENSION 


Atanassowa, M.: Blood Pressure Changes Caused 
by Meterologic Factors. Ztschr. Kreislaufforsch. 
48: 461 (May) 1959. 

In 1953 the number of new hypertensive cases 
among university students was twice as great as 
in the preceding and following years. This was 
attributed to the fact that 1953 was characterized 
by exceptionally great and sudden temperature 
changes. The average blood pressure of students 
was highest during periods of sudden changes in 
temperature, barometric pressure, and atmos- 
pheric electricity. This was the case in February 
more than in any other month of 1957. The mor- 
bidity of hypertension seemed to be higher in 
those sections of Bulgaria that have a continental 
climate. 


LEPESCHKIN 


Bartels, C. C., Evans, J. A., and Townley, R. G.: 
Chlorothiazide—A Survey of its Effects in Hy- 
pertensive Patients. J.A.M.A. 170: 1796 (Aug. 
8), 1959. 

A hypotensive effect from chlorothiazide was 
noted in 80 per cent of 65 patients studied. This 
effect was most marked in those with a severe 
hypertension and in those receiving ganglionic 
blocking agents. Of 23 patients previously requir- 
ing ganglionic blocking agents, 12 were able to 
discontinue that therapy, and 6 more were able 
to reduce the dosage to one half or less when 
chlorothiazide was added. Twenty-eight patients 
showed a drop in serum potassium to 3.5 mEq. or 
less. This oceurred in 12 patients, despite con- 
current administration of 2 to 3 Gms. of potas- 
sium daily. Renal lesions may accompany potas- 
sium deficiency but in this series depletion 
oceurred with and without impaired renal fune- 
tion. Periodic determinations of serum potassium 
seem indicated for those on long-term chlorothia- 
zide treatment. Caution should be taken to inter- 
rupt the drug administration when diarrhea or 
vomiting occur, as these could cause severe potas- 
sium depletion. 

KITCHELL 


Cohen, A. S., Stearns, N. S., Levitin, H., and 
Hurwitz, D.: Studies on Rauwolfia Alkaloids in 
Diabetic Hypertensive Patients. Ann. Int. Med. 
51: 238 (Aug.), 1959. 

The effects of reserpine upon diabetes mellitus 
and hypertension were studied in 27 women and 
1 man with proved diabetes mellitus and with 
hypertension for at least 5 years. Dietary man- 
agement was sufficient to control the diabetes in 
10 patients; the remaining 18 patients required 
insulin in addition to dietary control. The final 
dose of reserpine was adjusted for each indi- 
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vidual patient until a hypotensive effect occurre 
or side effects appeared. Twenty-five of the ‘ 
patients had symptoms such as headache, fatigu 
dizziness, tinnitus, and epistaxis prior to therap 
In 18 of these 25 patients improvement in the; 
subjective symptoms was noted during treatme 
(1 to 12 months). The remaining 7 patients e: 
perienced no symptomatic change. A fall in me: 
arterial blood pressure of 20 mm. Hg or great: 
occurred in 14 of 28 patients; 7 others showed 
fall of 10 to 17 mm. Hg. Of 18 patients initial! 
receiving insulin, the dosage was unchanged } 
12, decreased in 5, and inereased in 1 (30 units 
No change occurred in the diabetic status of t} 
10 patients who had been controlled on di 
alone. No significant weight changes occurred i 
the patients during the study. A second grov ) 
of 10 hypertensive diabetic_patients was followe | 
in a controlled, double-blind study of the effecis 
of the alseroxylon fraction of the crude Rauwo - 
fia serpentina root. In this smaller group all p#- 
tients were on long-acting insulin preparations. 
There was no change in either the diabetic status 
or the weight in the patients. The mean arteri:! 
blood pressure appeared to fall during the admin- 
istration of the Rauwolfia preparation. 

KAYDEN 


Gibson, G. B., and Platt, R.: Incidence of Hyper- 
tension after Pregnancy Toxaemia. Brit. M. J. 
2: 159 (Aug. 15), 1959. 

This study was undertaken in an attempt to 
clarify the effect of toxemia of pregnancy on the 
level of blood pressure in the woman who enters 
her pregnancy with a normotensive blood pres- 
sure or with hypertension. The authors noted that 
their control group was from an unselected popu- 
lation and should have ideally been a series of 
women who had passed through a nontoxemic 
pregnancy. A review of 446 cases of preeclampsia 
in women whose blood pressure early in preg- 
nancy was normal showed that their mean blood 
pressure 4 years later was much higher than the 
expected mean of an unselected population. Nev- 
ertheless, severe hypertension was rare. Simi 
larly, in a woman who had her toxemia superim 
posed on hypertension, the rise of blood pressu 
on reexamination was more than could be 2c 
counted for by an increase of age alone. 

KRAvsE 


Gillespie, L., Jr., Terry, L. L., and Sjoerdsma, / : 
The Application of a Monoamine-Oxidase !- 
hibitor, 1-Phenyl-2-Hydrazinopropane (JB-51°!, 
to the Treatment of Primary Hypertensic 1. 
Am. Heart J. 58: 1 (July), 1959. 

The observation that patients receiving ipro 
azid (Marsilid) frequently developed postu 
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potension led to the investigation of the hypo- 
isive effect of various monoamine-oxidase 
igs. A preliminary evaluation of the monoa- 
ne-oxidase inhibitor, 1-phenyl-2-hydrazinopro- 
ne (JB-516, Catron) in 21 hypertensive pa- 
ats revealed orthostatic lowering of the blood 
‘ssure in 18 and a distinct lowering of the re- 
nbent blood pressure in 6. The effects of the 
ig simulated those produced by sympathectomy 
1 ganglionic blocking agents but were not as- 
‘iated with the parasympatholytie effects com- 
nly observed with the latter group of drugs. 
6 patients a loss of red-green color diserimina- 
n without other visual defects occurred with 
ge doses of JB-516, but subsided promptly on 
‘continuance of the drug. Chlorothiazide in sev- 
il patients appeared to potentiate the antihy- 
ctensive effect of JB-516. Evidence of inhibi- 
ton of monoamine-oxidase in man by JB-516 is 
sented, and attention is called to a possible 
lationship between the inhibition of this en- 
zyme and the reduction of blood pressure. 
SAGALL 


Goldstein, S., and Rossi, G. V.: Potentiation of 
the Activity of Hypotensive Drugs: Effect of 
Several Synthetic Compounds on Six Hypoten- 
sive Agents in Hypertensive Rats and Normo- 
tensive Dogs. J. Pharmacol. & Exper. Therap. 
126: 168 (June), 1959. 

Four compounds of diverse structure were se- 
lected for study because they enhanced markedly 
the action of certain drugs in doses that alone 
exerted little or no pharmacologic effect. These 
compounds were (1) beta-diethylaminoethyl di 
phenylpropyl acetate HCL (SKF 525-A); (2) 2, 
4 - dichloro-6-phenylphenoxyethyl diethylamine 
HB r (Lilly 18947); (3) 2- (1-phenylethyl)-4- 
pentenamide (NDR A-1358), and (4) 2-(p-chloro- 
enzyl)-4- pentenoic acid hydrazide (NDRA- 
2135). These 4 compounds were shown to enhance 
narkedly the intensity and duration of the de- 

‘ssor response to reserpine, rescinnamine, hy- 
lralazine, mecamylamine, 2-(N, N-diallylearba- 

Imethyl)-aminomethyl-1, 4-benzodioxan, and 

nnitol hexanitrate in unanesthetized chronic 

oertensive rats. Subthreshold doses of the 6 

potensive drugs produced a significant reduc- 

n of systolic blood pressure when administered 

hypertensive rats pretreated with the 4 syn- 

tie compounds. When the injection of the 
entiating agents was made after the blood 
ssure reducing activity of the hypotensive 
igs had largely terminated, there was a re- 

‘ed and markedly increased depressor response 

hypertensive rats. Essentially the same find- 


Ss were obtained in unanesthetized normoten- 
e dogs. 
6 RINZLER 
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Mallov, S.: Comparative Reactivities of Aortic 
Strips from Hypertensive and Normotensive 
Rats to Epinephrine and Levarterenol. Circula- 
tion Research 7: 196 (Mar.), 1959. 

The hypothesis that vascular hyperactivity may 
be the basis of some forms of hypertension was 
examined by use of aortic muscle strips obtained 
from rats rendered hypertensive by experimental 
means. Aortic strips from DCA-salt hypertensive 
rats and renal hypertensive rats responded to 
various concentrations of epinephrine and levar- 
terenol with less isometric tension than did the 
corresponding control aortic strips from normo- 
tensive rats. The decreased responsiveness of the 
hypertensive strips may be one of the conse- 
quences of the hypertensive state, and the au- 
thors suggest that these results do not support 
the hypothesis that vascular hyperactivity may 
be the basis of hypertension. 

PAUL 


Prado, J. L., and Carlini, E. A.: Influence of Tet- 
raethylammonium, Pentolinium and Hexameth- 
onium on the Action of Hypertension. Arch. 
int. pharmacodyn. 122: 100 (Oct.), 1959. 
Tetraethylammonium increased 2 to 3 fold the 

smooth muscle stimulating effect of hypertension 

on isolated guinea-pig ileum, rat uterus, rat hind- 
quarter vessels, and the blood pressure of the 
pithed rat. This augmenting effect could not be 
ascribed to the ganglion blockade itself. The po- 
tentiating doses of tetraethylammonium were 
higher than those necessary to, block stimulating 
doses of DMPP (1, 1-dimethyl-4-phenylpiperazi- 
nium) and neither pentolinium nor hexametho- 
nium blockade produced the same augmenting 
effect, even when the doses of these agents were 
much higher than the blocking doses. The mecha- 
nism of the synergism of tetraethylammonium and 
hypertensin remains unknown. 

BRACHFELD 


Schwartz, C., Stechel, G. H., Fishman, 8S. I., and 
Fankhauser, A.: Clinical Therapeutic Evalua- 
tion of Hydrochlorothiazide (Hydrodiuril) 
J.A.M.A. 170: 2057 (Aug. 22), 1959. 

In most patients treated earlier with chlorothi- 
azide, maintenance of the previous status was 
obtained with a dose of hydrocholorothiazide one 
tenth that of cholorothiazide. Hypertensive pa- 
tients without clinical congestive failure showed 
improvement symptomatically and by fall in blood 
pressure. Where necessary, intravenous therapy 
with hydrocholorothiazide is convenient. An im- 
portant advantage appears to be the lack of 
weakness in patients receiving hydrochlorothi- 
azide. 


KITCHELL 





METABOLIC EFFECTS ON 
CIRCULATION 


Dawes, G. S., Mott, J. C., and Shelley, H. J.: The 
Importance of Cardiac Glycogen for the Main- 
tenance of Life in Foetal Lambs and Newborn 
Animals during Anoxia. J. Physiol. 146: 516 
(June 11), 1959. 

Anoxia was produced by ligation of the umbili- 
eal cords of fetal lambs during continuous re- 
cording of the blood pressure and heart rate. Al- 
though adult lambs were unable to survive com- 
plete anoxia for longer than 7 minutes, the fetal 
lambs of 83 to 91 days gestation age were able 
to survive for up to 60 minutes. In the fetal 
lambs the vital signs returned completely to nor- 
mal when anoxia was halted within 40 minutes, 
whereas lambs of 126 to 146 days gestation age 
maintained their vital signs for only 10 to 15 
minutes after the onset of anoxia. The initial 
rates of glycolysis in the tissues of the older 
lambs were either equal to or greater than those 
in the younger lambs, and a correlation was ob- 
served between the survival time and the initial 
cardiac carbohydrate concentration in the lambs 
of each age group. In newborn rats, guinea pigs, 
and rabbits there was a linear relationship be- 
tween cardiac carbohydrate concentration and 
the predicted time of survival in 100 per cent 
nitrogen. The authors conelude that the mainte- 
nance of the circulation is of paramount impor- 
tance in determining survival in animals sub- 


jected to anoxia. 
KARPMAN 


Goodale, W. T., Olson, R. E., and Hackel, D. B.: 
The Effects of Fasting and Diabetes Mellitus 
on Myocardial Metabolism in Man. Am. J. 
Med. 27: 212 (Aug.), 1959. 

Myocardial metablism was studied by cardiac 
catheterization in normal human subjects, fed 
and in the fasting state, and in patients with mild 
diabetes mellitus. There was a direct dependence 
of myocardial extraction on arterial concentra- 
tion. Thus, in the fasting state, arterial levels 
and cardiac extraction of glucose, lactate, and 
pyruvate were reduced. For each substrate, there 
was a definite threshold of myocardial utilization. 
In the fasting state, a small A-V glucose differ- 
ence accounted for 10 to 32 per cent of myocar- 
dial oxygen utilization, but after a light meal, 
glucose accounted for 50 to 80 per cent. During 
fasting, carbohydrate extraction decreased, the 
respiratory quotient approached 0.7, and the 
heart appeared to subsist mainly on fat, but post- 
prandial carbohydrate extraction accounted for 
the bulk of cardiac energy requirement. Myocar- 
dial oxygen extraction (A-V/A) was remarkably 
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constant in all subjects and varied linearly wit! 
arterial oxygen level from mild anemia t 
marked polycythemia. In the diabetic patient 
myocardial glucose pyruvate and lactate extrac 
tion was depressed. Postprandially, there was 

rise in extraction, but this occurred at such hig! 
arterial levels that extraction coefficients wer 
still depressed. With the administration of insu 
lin, there was a pronounced rise in myocardia 
carbohydrate extraction coefficients to norma 
and a rise in myocardial respiratory quotient. 


KURLAND 


Pines, I., Salazar, E., and Lopez, T.: On the In 
fluence of the Intravenous Injections of Gluco 
corticoids upon the Electrocardiogram. An Ex 
perimental Study. Arch int. pharmacodyn 
122: 1 (Oct.), 1959. 

The effect of the intravenous or intracardia 
injections of prednisolone phosphate was studie: 
in normal anesthetized dogs with the help of ele 
trocardiograms as well as endoelectrograms de- 
rived from the upper third of the right atrium. 
Ventricular premature beats and ventricular bi- 
geminy were nearly constantly observed after 
doses of about 15 mg. per Kg. Intravenous in- 
jections of chlorothiazide, chloroquine, and mod- 
erate amounts of digitalis prevented or sup- 
pressed these ventricular ectopic rhythms. These 
beats belonged apparently to the first type, or 


‘ nondigitalis ventricular extrasystoles and de- 


pended probably on the direct enhancement by 
the gluco-corticoids of the excitability of the 
ventricular ectopie centers. Injections of gluco- 
steroids to patients prone to develop ventricular 
arrhythmias, as for instance after myocardial 
infarctions, should be given with caution. The 
disturbance of the intraventricular conduction 
observed in some experiments could not be ex- 
plained and did not tally with the improvement 
in atrioventricular conduction observed clinically 
with these steroids. 
BRACHFELD 


Spurr, G. B., and Barlow, G.: Influence of Pro 
longed Hypothermia and Hyperthermia on Myo 
cardial Sodium, Potassium and Chloride. Ci: 
culation Research 7: 210 (Mar.), 1959. 
Myocardial electrolyte and water contents wer 

determined by direct analysis of left ventricula 

muscle in dogs cooled to 25 C. In animals main 
tained at this rectal temperature a progressiv: 
increase in intracellular potassium and a decreas 

in myocardial sodium content, with no change i 

total chloride and water were noted. Inductio 

of hyperthermia to a rectal temperature of 41.5 ( 
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ulted in a rise in content of left ventricular 
« assium, with no significant alterations in total 
ium, chloride, or water contents. The hypo- 
: rmie animals exhibited increased myocardial 
sy itability. The relation of the electrolyte 
nges, however, to the increased excitability 
ains uncertain. 


Pau. 


afonetis, C. J. D., Seifter, J., Baeder, D., 
Salas, J. P., and Chang, W. Y. M.: Inhibition 
f Lipid Mobilization of Surgical Stress by 
’artially Depolymerized Hyaluronic Acid. Am. 

. M. Se. 237: 771 (June), 1959. 
‘he authors have previously demonstrated that 
| response to caloric requirements induced by 
stress of surgery, lipid mobilizer hormone 
M) was released from the posterior pituitary 
nd into the circulation. This substance then 
aused a mobilization of triglyceride from the 
ynentum into the portal circulation. In addition 
the omentum appeared to remove some cholesterol 
from the blood circulating through it. Changes 
in peripheral blood following surgical stress re- 
flected these events plus the capability of the 
liver to cope metabolically with the lipid load 
presented to it. Various substances have been 
found to show a lipemia clearing effect. Of 
these, a partially depolymerized hyaluronic acid 
(PDHA) was selected because it was nontoxic 
and effective by oral administration. The effect 
of PDHA on the prehepatic and peripherally cir- 
culating blood lipids was studied in 9 females 
during the course of an intraabdominal operation. 
There was a marked increase in circulating en- 
dogenous LM hormone during the course of sur- 
gery. This was not followed by an outpouring 
of fatty acids into the prehepatic circulation as 
was uniformly exhibited by patients not pre- 
treated by PDHA. Thus, PDHA did not prevent 
the release of LM from the posterior pituitary, 
but did apparently prevent the effect of LM at 
omental levels. There were no untoward clin- 
ic:l effeets. PDHA did not display any anti- 
igulant action. The mode of action of PDHA 
in preventing the omental fat depot from respond- 
to lipid mobilizer hormone is not known at 

sent. 


SHEPS 


PATHOLOGY 
ulfield, J. B., and Klionsky, B.: Myocardial 
schemia and Early Infarction; an Electron 


“licroscopic Study. Am. J. Path. 35: 489 (May- 
‘une), 1959. 


[yoeardial ischemia was produced in rabbits 
ligation of the coronary arteries. As early as 
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5 minutes after ligation, glycogen disappearea 
from the ischemic myocardium and structural 
changes (characterized by clumping of nucleo- 
plasm and cytoplasmic distortion) became mani- 
fest. Ischemia continuing for 30 minutes was 
sufficient to result in loss of contractible capacity 
and cell death but the actual disintegration of 
muscle fibers proceeded at a rate that was appar- 
ently dependent upon the activity of the muscle 
during the ischemic period. Electron microscopy 
clearly demonstrated continuity of the sacrolem- 
mal membrane of heart muscle and its endo- 
plasmic reticulum; this was thought to provide 
a morphologic basis for the conduction of surface 
potentials throughout the cardiac muscle fiber. 


KARPMAN 


Heath, D., Wood, E. H., DuShane, J. W., and 
Edwards, J. E.: The Structure of the Pulmonary 
Trunk at Different Ages and in Cases of Pul- 
monary Hypertension and Pulmonary Stenosis. 
J. Path. & Bact. 77: 443 (Apr.), 1959. 

The pulmonary trunk and aorta were examined 
histologically in 71 control subjects, in 18 patients 
with acquired pulmonary hypertension, in 26 cases 
of congenital cardiac defects with pulmonary 
hypertension, in 12 cases of pulmonary stenosis, 
and in 19 patients with Fallot’s tetrad. In the 
normal individual with a high intravascular pres- 
sure (as in the aorta) the elastic fibrils are long, 
uniform, and arranged circumferentially in a par- 
allel fashion; when the pressure is low (as in 
the pulmonary artery) the fibrils are short and 
irregular in shape and configuration. In fetal 
life the pulmonary arteries show a high pressure 
configuration, which changes to the low pressure 
appearance in adulthood. Patients with congenital 
heart disease and pulmonary hypertension may 
retain the fetal pattern (if the hypertension is 
congenital) or may undergo the transition to the 
adult pattern (if the hypertension is acquired) ; 
patients with acquired heart lesions and pulmo- 
nary hypertension reveal the adult pattern. The 
thickness of the media of the pulmonary trunk 
is equal to that of the aorta in the fetus but 
is only 40 to 70 per cent as thick in the adult; 
in severe congenital or acquired pulmonary hyper- 
tension, the media of the pulmonary artery and 
aorta is equal even in the adult. In pulmonary 
stenosis the inactivity of the pulmonary artery 
is thought to produce the thinning of the media 
associated with thin, sparse elastic fibrils. Pa- 
tients with Fallot’s tetrad reveal the fetal con- 
figuration of the media. The authors conclude that 
the lessor circulation, (i.e. the right ventricle, 
the elastic major arteries, and the small muscular 
pulmonary arteries) may be considered as a con- 
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tinuous tube of muscle that exhibits characteristic 
reactions to changes in intravascular pressure. 
They propose that the term “tetralogy of Fallot” 
be eliminated in favor of functionally descriptive 
terms describing the degrees of the ventricular 
septal defect and the pulmonary stenosis. 


KARPMAN 


Reiner, L., Rodriguez, F. L., Platt, R., and Schle- 
singer, M. J.: Injection Studies of the Mesen- 
teric Arterial Circulation. I. Technique and 
Observations on Collaterals. Surgery 45: 820 
(May), 1959. 

A technie of postmortem study of the celiac 
and the superior and inferior mesenteric circula- 
tions is described. The abdominal viscera were 
removed en bloc. Then, a gelatin-barium sulfate 
mass was injected into each of these arteries 
under 200 mm. Hg pressure for as long as 15 
minutes. The specimen was separated into 3 
parts representing the 3 circulations. Roentgeno- 
grams clearly demonstrated each patent artery 
down to a diameter of 40 yw. Dissection with 
scissors showed the nature of obstructions. Injec- 
tion of any 1 of the 3 principal arteries generally 
filled the arborizations of the other 2, indicating 
good collateral filling of the normal viscera. 
Ordinarily, ligation of up to 3 primary or sub- 
sidiary jejunal arteries did not prevent filling 
of their arborizations. However, ligation of vasa 
recta to the upper jejunum frequently caused 
serious filling defects, despite the rich anasto- 
mosis of their branches within the intestinal wall. 
Some adipose arteries were found capable of con- 
tributing significantly to the collateral supply of 
the mesenteric circulation. 


ROGERS 


Spreer, F.: On a Quantitative Non-distorting 
Method of Obtaining Cardiac Cavity Molds. 
I. Methods. Changes in the Shape of the Cavi- 
ties of Contracted and Relaxed Hearts. Ztschr. 
Kreislaufforsch. 48: 501 (June), 1959. 

During autopsies performed 5 to 12 hours after 
death, hearts that were either in complete rigor 
or completely relaxed were injected in situ, with- 
out disturbing the pericardium, with a mixture of 
3 parts dental plaster of Paris and 2 parts 5 per 
cent formol, which did not harden until after 
15 minutes and left the myocardium undamaged 
for future studies. In order to simulate condi- 
tions of a natural systole in hearts in rigor, the 
right ventricle was filled at a pressure of 30 mm. 
Hg and the left ventricle at a pressure of 100 mm. 
Compared to the relaxed ventricle, the contracted 


ABSTRACTS 


ventricle showed an almost complete disappea 
ance of interpapillary spaces, while the outfl 
tract was shorter and rounder; in the right ve 
tricle it was more curved around the ecrista supr 
ventricularis. Many other peculiarities could | 
disclosed by this method of study. 


LEPESCHKIN 


PHARMACOLOGY 


Arora, R. B., and Sharma, P. L.: Effect of Quir 
dine and Tranquilizing Agents on Ectopic Ve 
tricular Tachycardia. Lancet 1: 962 (May | 
1959. 

Two-stage ligation of the anterior descendi 
branch of the left coronary artery in dogs pi 
duces a long-lasting ventricular tachyeardia. Mi 
tures of quinidine and various tranquillizinz 
agents were tested for their ability to suppr 
ventricular ectopic beats in these animals. Mi 
tures of quinidine and benactyzine or alseroxyl: 
produced potentiative synergism. No synergis:: 
was noted with chlorpromazine and quinidine, 
and reserpine actually antagonized the action of 
quinidine. It is suggested that such mixtures may 
be of use in arrhythmias that follow myocardial 
infaretion in man. 

SHEPS 


Bar, C. G., and Bachmann, K.: Changes in Cen- 
tral Blood Volume under the Influence of 
Ganglionic Blockade and their Recognition by 
Means of Dye Dilution Curves. Ztschr. Krei- 
slaufforsch. 48: 529 (June), 1959. 

In 14 persons with arterial hypertension and 
increased cardiac output Geigy blue was injected 
into a cubital vein. The peripheral dye coneen- 
tration was then recorded by means of an e21 
oxymeter, before and after injection of 3 mg. of 
Camphidonium. The cardiac output and the stroke 
volume (determined according to Broemser aid 
Ranke) showed a decrease parallel to a decrease 
of central blood volume, which manifested itscif 
as a decrease in the time of passage of the dye 
(interval between the beginning of the descendig 
branch and end of the ascending branch of tie 
light transmission curve). The circulation velc:- 
ity (determined from the time of appearance >f 
the descending branch after injection) show d 
no significant changes. The decrease in the ¢ 1- 
tral (pulmonary) blood volume was attribui d 
to pooling of blood in the splanchnic region. T ¢ 
dye dilution method was simpler and less 1 1- 
pleasant for the patient than other methods ea} ‘- 
ble of demonstrating these changes. 


LEPESCHKIN 
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Be ry, J. N., Thompson, H. K., Jr., Miller, E., 
id McIntosh, H. D.: Changes in Cardiac Out- 
ut Stroke Volume, and Central Venous Pres- 
ire Induced by Atropine in Man. Am. Heart 

58: 204 (Aug.), 1959. 

bservations following the intravenous admin- 
ition of atropine in 22 recumbent subjects 
irmed previous reports that this procedure 
Its in an inerease in cardiac output, a fall 
stroke volume, and a decrease in central ve- 
s pressure. In addition, it was found that 
maximum inerease in cardiac output occurred 
ain 3 minutes after the drug was given. Dur- 
this early period there was no change in 
ke volume. Following this 3-minute interval 
re was a relative decline in eardiae output 
h no change in heart rate, resulting thereby 
a significant fall in stroke volume. Certain 
ieuvers intended to increase venous return 
perventilation, passive leg-raising, and head- 
vn tilting) failed to inerease eardiae output 
stroke volume after the injection of atropine, 
hereas, in contrast, the rapid infusion of 50 Gm. 
serum albumin produced a marked increase in 
nute volume and stroke volume after atropini- 
zalion. Several hypotheses explaining the cireula- 
tory changes produced by atropine are suggested 

and diseussed. 

SAGALL 


Boura, A. L. A., Green, A. F., McCoubrey, A., 
Laurence, D. R., Moulton, R., and Rosenheim, 
M. L.: Darenthin: Hypotensive Agent of New 
Type. Lancet 2: 17 (July 11), 1959. 
ixtensive pharmacologie studies in animals and 

man of Darenthin (bretylium tosylate), a new 
ypotensive agent, are reported. The drug is 

of the series of benzyl quaternary ammonium 
upounds that selectively block the peripheral 
upathetie (adrenergic) nervous system with- 
antagonizing the effects of released or in- 
ted epinephrine or norepinephrine. With this 
ig there is no depression of the parasympa- 
tie nervous system and no central depression. 
is blocking effect is related to a_ selective 
umulation of the drug in the adrenergic 
irons—peripheral to the ganglionic synapsis. 
renthin was used to treat 36 patients with 
derate to severe hypertension over a period of 
0 26 weeks. The initial oral dose was 70 to 
' mg. of base 3 times a day, and gradually 
reased as necessary. The eventual treatment 
e varied from 130 to 840 mg. of base 3 times 
ay. There was a moderate fall in supine blood 
ssure and a pronounced postural drop. This 
‘ted 14%4 to 3 hours after administration of 
drug and lasted about 8 hours. It seemed 


ulation, Volume XXI, May 1960 


791 


likely that tolerance occurs in man. Chlorothia- 
zide was added with apparent potentiation of the 
hypotensive effect. Side effects were trivial and 
attributable to sympathetic blockade. Stuffy nose 
occurred more often in normotensive volunteers 
than in hypertensive patients. Occasional dropped 
beats were noted in a few subjects. Since nor- 
epinephrine and epinephrine have a greater pres- 
sor effect following Darenthin, and since (unlike 
the ganglion-blocking agents) Darenthin did not 
block the mechanism of release of these cate- 
cholamines from the adrenal medulla, the ac- 
tivity of the adrenal medulla may be expected 
to influence blood pressure and various sympa- 
thetic functions to a relatively greater extent 
after administration of this compound. Very 
severe hypertension developed in a patient with 
pheochromocytoma after the cautious intravenous 
administration of 53 mg. of base. On the other 
hand, norepinephrine may readily be used to 
counteract excessive hypotension produced by 
Darenthin. 


SHEPS 


Chappel, C. C., Rona, G., Balazs, T., and Gaudry, 
R.: Severe Myocardial Necrosis Produced by 
Isoproterenol in the Rat. Arch. int. pharma- 
codyn. 122: 123 (Oct.), 1959. 

Isoproterenol was given to groups of rats in 
a single injection of lethal and sublethal doses, 
or on 2 consecutive days at lower dosage levels. 
Survivors were autopsied after 48 hours. Dosages 
ranged from 680 mg./Kg. (LD;9) to 0.02 mg./Kg. 
Animals receiving doses greater than 14 the LD5 
showed severe lesions of the lung, brain, liver, 
and kidney, consistent with the picture of severe 
shock. These lesions were characterized by pul- 
monary edema and hemorrhage, hydrothorax, 
meningeal congestion, cerebral edema, congestive 
centrolobular hepatic necrosis, and ischemia or 
necrosis of the renal cortex. At lower doses 
congestive lesions were observed in only the 
abdominal viscera and at 0.33 mg./Kg. no extra- 
cardiac lesions were found. Dosages of 0.08 
mg./Kg. or greater caused macroscopic cardiac 
lesions often localized to apex and papillary 
muscle; these lesions were extensive and infaret- 
like at lower doses. It has been reported that 
isoproterenol administered intravenously to the 
dog caused a marked fall in blood pressure and 
increased the rate and amplitude of the heart 
beats. These pharmacologie actions would tend 
to increase the oxygen requirements of the heart 
muscle and at the same time reduce the available 
supply. Since the authors found that doses as 
low as 1/500 of the LD; 9 caused gross and 
mieroseopie myocardial necrosis it would appear 





likely that these lesions are secondary to the 
sardiovascular effects of the drug rather than 
a direct toxie effect on the myocardium. 


BRACHFELD 


Church, G., and Marriott, H. J. L.: Digoxin: 
Single Versus Divided Daily Maintenance Dos- 
age. Am. Heart J. 58: 171 (Aug.), 1959. 

A short clinical study on 30 outpatients showed 
that some patients could be satisfactorily main- 
tained without evidence of toxicity on a higher 
daily dose of digoxin when it was given in 
divided doses rather than in a single dose. These 
findings were in contrast to the reports in the 
literature advocating a single daily dose of dig- 
oxin as the most satisfactory way of administer- 
ing the drug. The authors concluded that in the 
majority of patients minimal toxicity and optimal 
maintenance with digoxin can best be achieved 
by giving the daily dose in divided amounts. 


SAGALL 


Cox, E., and Wright, S. E.: The Hepatic Excre- 
tion of Digitalis Glycosides and their Genins 
in the Rat. J. Pharmacol. & Exper. Therap. 126: 
117 (June), 1959. 

Paper chromatography and colorimetric meth- 
ods were used to follow and compare the exeretion 
of some digitalis glycosides and their genins in 
the bile of rats. In addition the effect of chemical 
constitution on the excretory pattern was noted. 
In bile lanatosides A and C were excreted un- 
changed. Digitoxin, digoxin, and digoxigenin 
were present partly unaltered and partly as 
metabolites that still retained the unsaturated 
lactone ring. Digitoxigenin was excreted entirely 
as metabolites. The amount of glycoside or agly- 
cone and their metabolites present in the bile 
within 5 hours of glycoside administration ranged 
from 70 to 80 per cent of the dose for lanatosides 
A and C to about 10 per cent for digitoxin. About 
15 per cent of the dose of each aglycone was 
excreted in bile. 

RINZLER 


David, F., Nash, C. B., and Woodbury, R. A.: 
Cardiovascular Effects of Anesthetic Doses of 
Thiopental Sodium. Anesth. & Analg., Current 
Researches 38: 222 (May-June), 1959. 

Ten dogs were maintained in the upper level 
of plane 2 of stage IIT anesthesia with thiopental 
sodium for a period of 4 hours. A significant 
reduction of the ecardiae index (determined by 
the pressure contour method of aortie pressure 
registered with a Hamilton manometer) occurred 


ABSTRACTS 


45 minutes after induction of anesthesia, with ; 
slower decrease continuing thereafter. No serio : 
change was observed in the mean blood pressu 
The heart rate was markedly accelerated imn 
diately after induction of anesthesia, and 
mained so during the period of anesthesia. 1 
plasma volume, the total blood volume, and t 
value for plasma protein were diminished. 


LEPESCHKIN 


Dresdale, D. T., Yuceoglu, Y. Z., Michtom, R. 
Schultz, M., and Lunger, M.: Effects of La: 
toside C on Cardiovascular Hemodynami‘s. 
Acute Digitalizing Doses in Subjects with Nor 
mal Hearts and with Heart Disease withc 
Failure. Am. J. Cardiol, 4: 88 (July), 1959. 
Cardiovascular activities before and for pe 

riods up to 2 hours after the intravenous injectic 

of 1.2 to 1.6 mg. of lanatoside C were obser 
by right heart catheterization in 7 healthy adult 
and in 4 persons having heart disease with: 
failure or marked cardiomegaly. No significant 
change was found in heart rate, cardiac output, 
systemie or pulmonary arterial pressure, right 
ventricular systolic and systemie venous pres- 
sures, and arteriovenous oxygen difference. Right 
atrial or right ventricular end diastolic pressures 
fell slightly in some patients. It was coneluded 
that this type of acute digitalization has little 
detectable hemodynamic effect and that no dele- 
terious consequences are likely to result from 
prophylactic digitalization in patients such as 
these. 


ROGERS 


Edmonds, C. J., and Wilson, G. M.: Hydro- 
flumethiazide. Lancet 2: 303 (Sept. 12), 1959. 
Hydrofiumethiazide is a new diuretic that dif- 

fers from chlorothiazide in that the thiadiazine 

ring is saturated and the chlorine atom is re- 
placed by a trifluoromethyl group. Its action was 
studied in 2 normal men and 30 patients. In 
normal subjects, it considerably increased sodium 
excretion up to 10 hours after administration, 

a duration of action considerably longer th» 

chlorothiazide. The most characteristic differen 

from chlorothiazide was in the inereased bic 
bonate exeretion produced by the latter. 
effective clinical trial with 50 mg. 3 times a diy 
diuresis began as soon as treatment was start 
and continued until edema was gone. In 7 patie: 

with pulmonary heart disease, a good result v 

achieved in only 3, in contrast to good results 

8 out of 10 with ischemic heart disease, in al 

patients with thyrotoxicosis and heart failu 

and in 6 of 7 with chronie rheumatic he: 
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ase. No effect was noted in 1 patient with 
nrosis and 1 with hepatic cirrhosis and ascites. 
yokalemia occurred in 7 patients and was 
‘ected by 3 Gm. of potassium chloride daily. 
- droflumethiazide was at least 10 times as 
‘etive by weight as chlorothiazide, but the 
imal rate of sodium excretion was the same. 


KURLAND 


; melin, N.: Supersensitivity due to Prolonged 
ministration of Ganglion-Blocking Com- 
ounds. Brit. J. Pharmacol. 14: 229 (June), 
959. 
he effect of repeated injections of hexa- 
honium, of chlorisondamine (Eeolid) and of 

an atropine-like drug (piperidino-ethyl-diphenyl- 
tamid) in sensitizing the ecat’s salivary gland 
nictitating membrane to epinephrine was 
ilied. Chlorisondamine administration for 1 to 
veeks induced supersensitivity in normally in- 
ne:vated structures almost equal to that achieved 
by denervation. Hexamethonium administration 
faiied to sensitize the gland until it has been 
renervated surgically by cross-suturing. Acute 
administration of these drugs did not affect the 
epinephrine sensitivity of the normal structures. 
Cannon’s law that postganglionic nerve section 
causes @ more pronounced sensitivity than 
preganglionic section thus seemed applicable 
when the denervation was produced pharmaco- 
logically. 


ROGERS 


Fleming, P. R., Zilva, J., Bayliss, R. I. S., and 
Pirkis, J.: Hydrochlorothiazide: A Comparison 
with Chlorothiazide. Lancet 1: 1218 (June 13), 
1959. 

Hydrochlorothiazide was compared with chloro- 
thiazide in healthy young subjects, convalescent 
patients, and in patients with edema. In the first 
2 sroups hydrochlorothiazide was 20 times more 
potent than chlorothiazide. In patients with 
edema this relationship varied from 5 to 10 times. 
This greater potency may have been related to 

‘ter intestinal absorption and to the fact that 

lrochlorothiazide was not excreted in the bile 

| hence there was more available for renal 

‘nination. Hydrochlorothiazide did not pro- 

te the exeretion of bicarbonate to the same 

ree as does chlorothiazide. There was little 
erence in the promotion of potassium exere- 

1. It is therefore suggested that whenever 

\rochlorothiazide is given on a continuous basis 

plements of potassium chloride should be 
gi en, 

SHEPS 
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Havard, C. W. H., and Fenton, J. C. B.: Clinical 
Evaiuation of Hydrochlorothiazide. Brit. M. J. 
1: 1568 (June 20), 1959. 

Hydrochlorothiazide was compared to chloro- 
thiazide in 21 edematous patients. A dose of 100 
mg. of hydrochlorothiazide produced a quantita- 
tive and qualitative response similar to that of 
1,000 mg. of chlorothiazide. In 3 patients, hydro- 
chlorothiazide seemed to produce a more satis- 
factory diuresis. In vitro hydrochlorothiazide 
was less inhibitory than chlorothiazide to car- 
bonic anhydrase but the diuretic action appeared 
to be similar and potassium loss in the urine 
occurred just as readily with the use of hydro- 
chlorothiazide. It is pointed out that patients 
with chronic edema and sodium retention are 
particularly likely to lose considerable quantities 
of potassium in the urine and are especially liable 
to hypokalemia with the use of these drugs. 

KRAUSE 


Johnston D. H., and Cornish, A. L.: Acute Pan- 
creatitis in Patients Receiving Chlorothiazide. 
J.A.M.A. 170: 2054 (Aug. 22), 1959. 

Acute pancreatitis was diagnosed in 3 women, 
all 50 years of age or older, who had been taking 
0.5 to 1.0 Gm. of chlorothiazide daily for 2 or 3 
months for therapy of cardiovascular disease. 
There was no history of conditions considered as 
predisposing to acute pancreatitis. Although the 
specific etiology remained undetermined, chloro- 
thiazide was considered as a possible cause. 

KITCHELL 


Jourdan, F., and Faucon, G.: Experimental Study 
of the Influence of Morphine on the Coronary 
Circulation. Cardiologia 34: 376, 1959. 

The coronary sinus outflow of the dog was 
measured with the heart in situ with its vascular 
and nervous connections left intact. Intravenously 
administered morphine sulfate was found not to 
influence the coronary blood flow, even in doses 
that were above the commonly accepted therapeu- 
tie range. 

KARPMAN 


Kozterlitz, H. W. and Taylor, D. W.: The Effect 
of Morphine on Vagal Inhibition of the Heart. 
Brit. J. Pharmacol. 14: 209 (June), 1959. 

In 4 species of animals the distal end of the 
severed right vagus nerve was stimulated electri- 
cally in order to slow the heart to one third of its 
resting rate. Intravenous morphine (0.1 to 100 
mg. per Kg.) largely prevented this slowing in 
the rat and rabbit, had little effect in the eat, 
and had no effect in the guinea pig. Large doses 
of morphine also slowed the resting ponstimulated 
heart rate in the rat and rabbit. Nalorphine 
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reversed, at least in part, the effects of small 
or large doses of morphine. The possible mecha- 
nisms responsible for these effects are discussed. 


ROGERS 


LeMessurier, D. H., Schwartz, C. J., and Whelan, 
R. F.: Cardiovascular Effects of Intravenous 
Infusions of 5-Hydroxytryptamine in Man. 
Brit. J. Pharmacol. 14: 246 (June), 1959. 

The effects of injecting 1, 2, or 3 mg. of 5- 
hydroxytryptamine solution into a forearm vein 
over a 10-minute period were observed 41 times 
in 25 presumably healthy young persons. Within 
1.5 minutes after beginning the injection the 
pulse rate accelerated sharply, then a sustained 
moderate tachyeardia followed. Ten to 15 see- 
onds after the pulse rate rose, the forearm blood 
flow, as measured plethysmographiecally, increased 
in most subjects in a manner paralleling the 
pulse rate. In 2 tests the forearm flow increased 
similarly after brachial nerve block. 5-Hydroxy- 
tryptamine administration was followed by a vari- 
able blood pressure response, which could not 
be related to changes in forearm flow. Most sub- 
jects developed malar flushing and various sys- 
temie symptoms, and there was a high incidene> 
of thrombophlebitis of the injected vein. The 
tachyeardia was considered to result from a direct 
eardiac effect of the drug, and the increased 
forearm flow was thought to represent some sec- 
ondary dilator mechanism opposing the drug’s 
direct vasoconstrictor action. 

ROGERS 


McLain, P. L., Kruse, T. K., and Redick, T. F.: 
The Effect of Atropine on Digitoxin Brady- 
cardia in Cats. J. Pharmacol. & Exper. Therap. 
126: 76 (May), 1959. 

The heart rate was studied in eats given 
digitoxin, 0.02 mg. per Kg., intravenously after 
light ether anesthesia. The heart rate was studied 
with and without prior administration of vagus 
paralyzing doses of atropine. In addition, a study 
was made of the effect upon sinus rates of 
atropine administered at a standard point during 
digitoxin accumulation. The results yielded no 
evidence of augmented vagal activity as a factor 
in digitoxin bradycardia. Rather, it appeared that 
digitoxin slowing was chiefly, if not entirely, 
extravagal and that in the presence of intact 
vagal mechanisms the effects of the drug were 
simply added to those of preexisting vagal tone. 
Atropine did not modify the rates of ectopic 
pacemakers produced by digitoxin. The normal 
pacemaker, released from vagal control, attained 
rates equivalent to those of ectopic pacemakers. 


RINZLER 


ABSTRACTS 


Michel, D., and Hartleb, O.: On the Question 
a Potentiating Effect of Co-carboxylase on t 
Action of Strophanthin. Ztschr. Kreislauffors 
48: 557 (June), 1959. 

In 14 eardiae patients over 65 years of a 
100 mg. of co-carboxylase were injected int) 
venously 1 hour before, 1 hour after, and at t 
same time as 14 mg. of strophanthin K. ( 
carboxylase alone usually caused a slight deere: 
in the heart rate, the corrected Q-T durati: 
and the period of changing ventricular sha 
(Q-first sound), and resulted in an increase 
the period of rising tension (first sound 
beginning of ejection) and corrected ejecti 
period, an increase of systolic blood pressu 
and a decrease of venous pressure. These chan; 
were more pronounced in the presence of he 
failure. Strophanthin alone caused approximat 
similar changes with the exception of an incre: 
of the period of changing shape and decrease 
the period of rising tension. Because of t 
variable response statistical treatment was nec 
sary and this showed a probable potentiation 
some of the effects of strophanthin by 
sarboxylase. Combination of the 2 substan: 
seems therefore desirable, especially in patie: 
in whom deficiency in co-carboxylase content or 
activity is probable because of the presence of 
myocardial hypoxia. 

LEPESCHKIN 


Millson, D. R.: Nicotine and the Effect of Anti- 
sympathomimetic Agents on the Aorta of the 
Rabbit. Brit. J. Pharmacol. 14: 239 (June), 
1959. 

Strips of rabbit aorta immersed in Ringer- 
Locke solution at 37 C. were stimulated to 
matched degrees by nicotine or norepinephrine 
as a test system. Of the 5 antisympathomimetic 
agents investigated, dibenamine, ergotamine, and 
tolazolamine suppressed this stimulation most 
strongly, although the nicotine effect was sup- 
pressed only half as strongly as that of norep- 
inephrine. The dose-response eurves for nivo- 
tine before and after phentolamine showed thiat 
the response to nicotine was readily surmountalh|: 
as would be expected if it acted by liberating 
limited amount of norepinephrine within 
tissues. 

RoGeErs 


Montero, A. C., Rochelle, J. B., III, and Fo 
R. V.: Clinical Pharmacology of Flumethiazi 
a Diuretic Agent. Am. Heart J. 57: 484 (Ap: 
1959. 
Flumethiazide was found in a clinical phari 
cologic study in human subjects to be essentia 
similar to chlorothiazide in its diuretic acti 
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an potency. Both drugs could be administered 
or: ly, were repeatedly effective on daily use, and 
virtually free of acute toxicity. Both drugs 
pr ‘ueed similar biochemical changes, namely, 
a ndeney toward hypochloremie alkalosis. Flu- 
mc ulazide, however, appeared to have a greater 
efi °t on the excretion of water than did chloro- 
th zide. The data suggested that this drug 
mi at be of extreme value in the treatment of 
ous edematous states and, perhaps, as an 
inet in the therapy of hypertension. 


SAGALL 


‘er, J. H.: Human Pharmacology of Thiazide 

erivatives. J.A.M.A. 170: 2048 (Aug. 22), 

159. 

cal chlorothiazide (1 Gm.) twice daily in- 
duced excretion of the same amounts of sodium 
an’ chloride as did 2 ml. of a molar solution of 
mevalluride injected intravenously. After daily 
administration for 2 or 3 weeks, the sodium ex- 
cretion declined to approach the daily intake and 
the patient’s body weight approached a steady 
level about 4 pounds (1.8 Kg.) below the initial 
level. A dose of 2 Gm. of either chlorothiazide 
or {lumethiazide produced a near maximal effect, 
and doubling the doses did not yield further 
significant inereases in sodium exeretion. For 
hydrochlorothiazide a dose of 200 mg. gave a 
maximum exeretion rate. A steadier effect plus 
over-all inerease in response resulted from giving 
200 mg. every 12 hours as compared to a dose of 
400 mg. onee daily. Hypokalemia may follow 
therapy with chlorothiazide or its derivatives re- 
sulling in symptoms from hypopotassemia itself 
or sensitizing the myocardium to digitalis with 
resultant digitalis toxicity. Prophylactic admini- 
stration is recommended with chlorothiazide in 
patients with conditions that may be associated 
wit potassium depletion. 

KITCHELL 


Murnaghan, M. D.: The Antiaccelerator Action 
co Quinine on the Isolated Perfused Heart of 
e Cat. Arch. int. pharmacodyn. 120: 312 
‘uly), 1959. 
the isolated perfused cat’s heart quinine was 
fov.d to antagonize the chronotropic action of 
iso ~opylarterenol. In 7 experiments (pooled 
dai ) the mean dose required to cause a 50 per 
ce: inhibition of acceleration (I;9 value) was 
40 .M, with the range between 22 and 66. This 
aci n is not a selective one, since quinine also 
de: eased the amplitude and increased the coro- 
na ~ flow. A comparison with the results of other 
au. ors for this cinchona alkaloid showed that the 
he: t-lung preparation of the dog is about one 


Cir. lation, Volume XXI, May 1960 


795 


fifth as sensitive as the isolated heart of the 
cat and the isolated atria of the guinea pig, rat, 
and frog. On the other hand, the above-mentioned 
preparations of the dog, cat, rat, guinea pig, and 
frog display an increasing sensitivity to veratra- 
mine in this order. The results confirmed previous 
work that in this particular preparation coronary 
flow and amplitude are related. 


BRACHFELD 


Platis, M. M.: Hydrochlorothiazide, A New Oral 
Diuretic. Brit. M. J. 1: 1565 (June 20), 1959. 
Hydrochlorothiazide was studied in 3 normal 

patients and in 21 patients with congestive heart 
failure. The fact that 100 mg. of hydrochlorothi- 
azide is equivalent in action to 1000 mg. of 
chlorothiazide was confirmed. The toxie effects 
were minimal. The action of hydrochlorothiazide 
was more prolonged than that of chlorothiazide. 
Potassium excretion by hydrochlorothiazide, and 
chlorothiazide was practically equivalent, hence 
the danger of hypokalemia with both drugs is 
obvious and potassium supplements should be 
used with each. Since hydrochlorothiazide causes 
urinary excretion of sodium and chloride in 
equimolecular quantities, the drug may produce 
hypochloremie alkalosis in the same way as 
mercurial diuretics. 


KRAUSE 


Poznanski, W. J. and Cromie, B. W.: Action of 
Chlorothiazide and “Oradon”’, Alone and in 
Combination. Brit. M. J. 1: 1553 (June 20), 
1959. 

Chlorothiazide and a new oral mercurial diu- 
retic (Oradon) were studied alone and in com- 
bination. An average of 36.6 per cent of the 
mercurial was recovered from the urine, indiecat- 
ing that it was a more potent agent than previous 
similar drugs. The fact that hypokalemia may 
develop with the use of chlorothiazide is reem- 
phasized. This can oceur even when potassium 
supplements are used and even when the drug has 
lost its diuretic effect. When Oradon was used 
alone, there was little derangement in electrolyte 
equilibrium and the drug caused very little gas- 
trointestinal symptoms. When the 2 drugs were 
used together, there was potentiation of diuretic 
effect in every case. The control of edema in 
fairly severe cases could be obtained with the 
alternate use of the 2 drugs, giving chlorothiazide 
for 3 days in each week and Oradon with potas- 
sium for the other 4. Combined therapy was 
recommended for resistant cases, perferably in 
a hospital. 


KRAUSE 
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Rand, M. and Stafford, A.: The Duration of Ac- 
tion of Some Cardiac Glycosides and Aglycones 
in the Guinea Pig. Brit. J. Pharmacol. 14: 
174 (June), 1959. 

The duration of action of digoxigenin, lanato- 
side C, oubain, digoxigenin-3-one, digitoxin, 3- 
acetyldigitoxigenin, digoxin, digitoxigenin, and 
lanatoside A—each was measured by timing the 
potentiation of adenosine-induced heart block in 
the anesthetized guinea pig by each drug. These 
drugs are listed in order of increasing duration 
of action and the latter 5, when given intraven- 
ously, acted for periods longer than 2 hours. This 
method is particularly suitable for testing short- 
acting drugs, while previous methods are better 
suited for testing long-acting drugs. Knowing the 
duration of a drug’s action may provide an esti- 
mate of the rate of its elimination. 


ROGERS 


Stormoken, H., De Schaepdryver, A. F., and De 
Vileeschhouwer, G. R.: Mechanism of Brady- 
cardia by Methoxamine. Arch. int. pharmaco- 
dyn. 120: 386 (July), 1959. 

Experimental investigations in anesthetized 
dogs showed that the bradycardia induced by the 
intravenous injection of methoxamine was of 
reflex origin and was due primarily to a stimula- 
tion of the carotid sinus and aortic baroreceptors 
induced by the rise in blood pressure. The brady- 
cardia was also related to a sensitization of the 
cardiac vagal responses. A direet negative chrono- 
tropic effect on the heart was also noted. Local 
application of methoxamine to the arterial wall 
of the carotid sinus areas caused a decrease of 
blood pressure and heart rate and a suppression 
of the normal carotid sinus vasopressor reflexes. 


BRACHFELD 


Wesgria, R., Nakano, J., McGiff, J. C., Muraview, 
T., Zekert, H., and Blumenthal, M. R.: Effect 
of a New Drug, N-(2, 1)-Heptane)-Diethylam- 
inoacetamide Hydrochloride (ERL, 239), on 
Mean Arterial Blood Pressure, Cardiac Output, 
Coronary Blood Flow, Cardiac Oxygen Con- 
sumption, Work and Efficiency. J. Pharmacol. 
& Exper. Therap. 126: 164 (June), 1959. 
Diethylaminoacetamide hydrochloride (ERL, 

239) when injected intravenously in anesthetized 

dogs resulted in an increase in coronary flow. This 

increase in coronary flow (measured as coronary 
sinus flow but indicating left coronary artery flow) 
oceurred with doses that did not affeet the arter- 
ial blood pressure, that lowered the arterial blood 
pressure slightly, and again with doses that lowered 
blood pressure slightly, and again with doses that 


ABSTRACTS 


lowered blood pressure markedly. Cardiae outpu 
and work were found to be unchanged or 4d: 
creased. Cardiac oxygen consumption increas: 
except with large doses of ERL, 239. Cardiac e 
ficiency always was decreased. 

RINZLER 


PHYSICAL SIGNS 


Bruns, D. L.: A General Theory of the Causes o 
Murmurs in the Cardiovascular System. <A: 
J. Med. 27: 360 (Sept.), 1959. 

The commonly accepted theory that cardiova 
cular murmurs are the result of turbulence i 
flowing blood is subjected to critical analysis. 0 
theoretical grounds, it is unlikely that turbulen: 
in blood will generate any significant acoustic: 
energy that could be detected as murmurs. In ex 
periments on pulsatile flow of water and blood, : 
Reynolds numbers of flow well above the critic: 
value, no murmurs were heard or recorded. It i 
suggested instead that cardiovascular murmui 
are due to nearly periodic fluctuations in the wak 
downstream of any obstacle. The characteristics 0! 
this type of flow are similar to those of Aeolian 
tones or orifice flow. Most murmurs are due to pro 
tuberances, discontinuities of the heart, valves, o1 
large vessels. Application of this theory explains 
many clinical aspects of murmurs and lends unity 
to a understanding of their peculiarities. 


KURLAND 


Mainzer, W., Pincovici, R., and Heymann, G.: 
Systolic Murmurs in Children. Arch. Dis. 
Child. 34: 131 (Apr.), 1959. 

Systolic heart murmurs were discovered on 
routine examinations in 240 out of 2,035 children 
under the age of 15. A complete history was 
obtained from each patient who was then sub- 
jected to thorough physical, flouroscopie, electro- 
cardiographic, and other laboratory examinations. 
The incidence was highest in the 5 to 10-year old 
group and ‘at least 40 per cent of all murmurs 
occurred among siblings. Of the total number, 
64.2 per cent were diagnosed as innocent and 35.5 
per cent of the murmurs were considered to be 
definitely (3.3 per cent), possibly (19.5 per cent), 
or probably (13 per cent) secondary to anatomic 
cardiac defects. The authors hypothesize th! 
identical anatomic construction of the ventricul:: 
outlet may be responsible for the large frequen 
of similar murmurs heard within the same family. 
They concluded that no physical criterion cou‘ 
be found by which to distinguish an innocent mu 
mur, and that a complete examination should 
performed in each patient with a systolic murm 
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PHYSIOLOGY 


‘n, J. H., and Rand, M. J.: The Cause of the 
upersensitivity of Smooth Muscle to Norad- 
enaline after Sympathetic Degeneration. J. 

hysiol. 147: 135, (June 23), 1959. 
fter sympathetic denervation the smooth mus- 
of the ecat’s iris and spleen were found to 
upersensitive to norepinephrine. In addition, 
store of norepinephrine in both organs de- 
ed and, at the same time, the sensitivity to 
pinephrine increased. The authors coneluded 
the supersensitivity to norepinephrine and 
iephrine which developed upon sympathetic 
servation was due to the disappearance of a 
‘e of norepinephrine in those organs. The 
ure of tyramine to act on the denervated or- 
s was attributed to the fact that tyramine 
s in the normally innervated organ by releas- 
the stored norepinephrine and hence was 
incifeetive in the absence of an adequate supply 

’ norepinephrine. 
KARPMAN 


Holland, W. C., Klein, R. L., and Briggs, A. H.: 
Factors Affecting Action of Acetylcholine on 
Transmembrane Flux of K in Isolated Rabbit 
Atria. Am. J. Physiol. 196: 478 (Mar.), 1959. 
The effects of temperature, cocaine, anoxia, 


acetyleholine (ACh), potassium, sodium, and ¢al- 
cium on influx and efflux of potassium in isolated 
rabbit atria were studied. Increasing the potas- 
sium coneentration in the medium increased both 
efflux and influx of potassium, especially the 
latter. When the concentration of potassium in 
the medium was 6.0 to 6.5 mM the fluxes were 
estimated to be equal. Acetylcholine increased 
both efflux and influx. In the presence of acetyl- 
choline both fluxes are estimated to be equal at 
a potassium concentration in the medium of 
4.0 to 4.5 mM. Studies on the influence of tem- 
perature, cocaine, and anoxia suggest that at a 
potassium concentration in the medium of less 
than 5.4 mM, the 2 fluxes were passive in nature. 
At concentrations above this, influx appeared to 
have an aetive component. It was suggested that 
at low potassium concentrations, acetylcholine 
afivcted only passive movements of potassium, 
Whereas at higher potassium concentrations in 
thc medium, acetylcholine stimulated active trans- 
po A decrease of sodium in the medium to 
on’ fifth depressed effiux and influx about 50 per 
cel when the caleium concentration was main- 
tai ed at a normal level. A decrease of calcium 
ble. ked the effeet of low sodium. This suggested 
the ealeium either increased passive movements 
of otassium or determined the degree of coupling 

‘een sodium and potassium fluxes. 
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Jordan, H.: Investigations on the Relationship 
between Central Pulse Velocity and So-called 
“Delay-Time.” Cardiologia 35: 228, 1959. 
Continuing previous investigations, the authors 

showed that the velocity of propagation of the 

pulse wave (determined by the method of Wezler- 

Boeger) has a high degree of correlation with 

the “delay-time” (interval between second heart 

sound and nadir of the incisura in the right 
carotid pulse tracings), and that it varies with 
age and blood pressure. In 36 necropsies the 
distance between aortic valves and the point of 
recording the carotid pulse was measured. Its 
length varied very little and did so also with age. 

From these distances and the “delay-time,” the 

velocity of propagation of the pulse wave could 

also be ealeulated. Comparisons made in a variety 
of patients showed this to be a useful method for 
obtaining approximate figures of pulse wave 
velocity. 

BRACHFELD 


Quilligan, E. J., and Tyler, C.: Postural Effects 
on the Cardiovascular Status in Pregnancy: A 
Comparison of the Latcral and Supine Pos- 
tures. Am. J. Obst. & Gynec. 78: 465 (Sept.), 
1959. 

In a group of 196 near-term pregnant subjects, 

3 per cent had a drop in systolie pressure of 

30 mm. Hg or more when turned from the 

lateral to the supine position. The mean cardiac 

output, as estimated by the blood pressure 
method in 13 of these subjects, did not change 
significantly when compared in ‘the 2 positions. 

The mean venous pressure measured in the legs 

of 5 of these subjects increased significantly. 

An inverse relationship between stroke volume 

and heart rate maintained cardiac output. Only 

1 of these subjects was hypotensive to the point 

of syneope when turned from the lateral to the 

supine position. 
SHEPS 


Ramirez, J.: Oxidation-Reduction Changes of 
Cytochromes Following Stimulation of Am- 
phibian Cardiac Muscle. J. Physiol. 147: 14, 
(June 23), 1959. 

The changes of the steady-state oxidation- 
reduction levels of the cytochromes, pyridine 
nucleotides and flavoproteins in the cardiac mus- 
ele of the frog and toad were followed during 
and after isometric contractions by means of 
spectrophotometrie technics. The components of 
the respiratory chain in the intact cardiac muscle 
were similar to those in the toad heart sar- 
cosomes and 2 to 3 times higher than in the 
toad’s sartorius muscle. During mechanical activ- 
ity the maximum change of the respiratory chain 





components was very small (2 to 6 per cent) 
and oceurred quite rapidly. The pyridine nucleo- 
tides, flavoprotein, and cytochromes b and ag 
were oxidized during activity and cytochromes 
e and a were usually reduced. The changes of 
the respiratory chain components in the sar- 
cosomes on addition of ADP were the same as 
found in contracting muscle. Cytochrome ag did 
not change upon addition of ADP to the sar- 
cosomes. The author concluded that the respira- 
tory chain is the main source of ATP resynthesis 
in the heart. 


KARPMAN 


Sabiston, D. C., Jr., Talbert, J. L., Riley, L. H., 
Jr., and Blalock, A.: Maintenance of the Heart 
by Perfusion of the Coronary Circulation with 
Gaseous Oxygen. Ann. Surg. 150: 361 (Sept.), 
1959. 

The experiments in this paper were designed to 
evaluate the effect of perfusion of the dog heart 
with gaseous oxygen. These observations were 
made both on the isolated heart and the heart 
remaining intact within the chest. It has been 
shown that, under experimental conditions, oxy- 
gen may be provided to the tissues by electrolyte 
solutions highly saturated with oxygen and per- 
fused into the vascular system. Proportionately 
the heart utilized oxygen to a much greater ex- 
tent than the rest of the body. These experiments 
indicated that the heart beat in the isolated heart 
may be maintained up to 8 hours with perfusion 
of the coronary circulation with gaseous oxygen. 
With the heart in situ the same type of oxygen 
perfusion has been performed with later rever- 
sion to a normal circulation. Gaseous embolism 
did not occur under these circumstances. It was 
noted that the empty heart requires about 38 per 
cent of the oxygen necessary for the normal beat- 
ing heart and that a heart, even in asystole, re- 
quires appreciable amounts of oxygen. A mixture 
of 95 per cent oxygen and 5 per cent carbon di- 
oxide was used for the perfusion of the dog hearts 
employed in these experiments. In the hearts in 
situ little difference was noted between the use 
of this mixture, 100 per cent oxygen, or com- 
pressed air. In the experiments in situ, although 
circulation was restored, most of the animals 
never regained consciousness. It was believed 
that this was due to a prolonged period of anoxia 
for the remainder of the body and suboptimal 
cerebral perfusion. The studies would indicate 
merely that adequate cardiac function may be 
maintained for several hours with only gaseous 
oxygen perfusion of the coronary circulation. 


LEVINSON 


ABSTRAC’'S 


Scott, J. C., and Balourdas, T. A.: An Analy j 
of Coronary Flow and Related Factors Folle 7 
ing Vagotomy, Atropine and Sympathecto: 
Cireulation Research 7: 162 (Mar.), 1959. 
Coronary blood flow was measured in the « 

by the nitrous oxide desaturation method. 1 

removal of cardiac vagal control by cervi 

vagotomy or administration of atropine resul 
in a markedly increased coronary flow, myocar: 

oxygen consumption, and heart rate, but a 

creased left ventricular efficiency. Sympathecto 

resulted in changes in the opposite direction. ‘1 

effects of other variables, such as type of ar 

thesia and oxygen content of the nitrous oxi 
oxygen mixture on these findings are discuss¢ 


Pau 


PULMONARY DISEASES 


Franco Browder, S., Perez Olea, J. O., and 
Francisco, A.: Pulmonary Infarction in 
Cardiac Patient. Arch. Inst. cardiol. México °9: 
31 (Jan.-Feb.), 1959. 

The authors noted a high incidence of pulmo 
ary infaretion in patients with heart disease. This 
complication occurred in the most varied types of 
heart disease and in this series was found particu- 
larly in myoeardial infarction with fatal outcome. 
The pathologie diagnosis of pulmonary infarct 
permitted the analysis of some clinical, radiolovie, 
and electrocardiographie elements that the au- 
thors consider useful for the identification of the 
clinical picture of pulmonary infarction. The 
most outstanding complications were aggravation 
or the enhancement of heart failure, bouts of 
acute pulmonary edema, and digitalis intoxica- 
tion. 


BRACHFELD 


Griffin, J. T., Kass, I., and Hoffman, M. §.: Cor 
Pulmonale Associated with Symptoms and 
Signs of Asthma in Children. Pediatrics 24 
(July), 1959. 

Three case reports are presented of child 
manifesting pulmonary hypertension and r 
ventricular hypertrophy associated with s' 
and symptoms of asthma. The authors empha 
that cor pulmonale may be a complication 
asthma in children as well as in adults. They 
gest that cardiopulmonary function studies 
performed on all children with bronchial asth 
especially when the asthma is responding po 
to treatment or when evidence of decreased } 1 
monary function is detected. 

KARPMA 
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Program of Wide Interest Planned 
For AHA Scientific Sessions 


secause of their enthusiastic acceptance last 
yeir, six sessions of broad clinical interest 
sponsored by the AHA Council on Clinical 
Cardiology are being planned for the Ameri- 
can Heart Association’s 33rd annual Scientific 
Sessions to be held from Friday, October 21 
through Sunday, October 23 at Kiel Audi- 
torium in St. Louis. The clinical sessions will 
run concurrently with special scientific ses- 
sions and programs sponsored by other Coun- 
cils of the Association. 

ollowing a similar program presented suc- 
cessfully last year, the tentative program also 
includes a session on medical motion pictures 
to be introduced by the author or other au- 
thority on the subject. 


Abstracts of Papers Due June 1 
For AHA Scientific Sessions 


June 1 is the deadline for submitting ab- 
stracts of papers to be presented at the 33rd 
iual Scientific Sessions of the American 
art Association, scheduled to be held Oc- 
er 21-23 in St. Louis. Papers intended for 
sentation must be based on original investi- 
@'ive work in the cardiovascular or related 
ds. Abstracts must be limited to 250 words 
less and include a brief digest of results 
ained and conclusions reached. The AHA 
mmittee on Scientific Sessions Program 
y | sereen all applications received. 
)fficial forms for submitting abstracts of 
‘ pers and applications for space for scientific 
2 vibits, which also must be returned by June 
, may be obtained from F. J. Lewy, M.D., 
sistant Medical Director of the American 
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Heart Association, 44 East 23rd Street, New 
York 10, N. Y. 

Applications for space for industrial ezx- 
hibits may be obtained from Steven K. Her- 
litz, Ine., 280 Madison Avenue, New York 16, 
NX. ¥. 


Arteriosclerosis Council Meets 
October 19-21, Abstracts Due June 1 


June 1, 1960 is the deadline for submitting 
abstracts of papers to be presented at the 
meeting of the Association’s Council on Ar- 
teriosclerosis in the Sheraton-Jefferson Hotel, 
St. Louis, Wednesday through Friday, Octo- 
ber 19-21. Factual abstracts of the material 
to be presented, not exceeding 250 words, con- 
sisting of the original and four copies should 
be sent to Campbell Moses, M.D., Program 
Chairman, University of Pittsburgh School of 
Medicine, Pittsburgh 13, Pa. 

The Council will hold its 14th independent 
scientific meeting Wednesday and Thursday, 
October 19 and 20 immediately preceding the 
Annual Meeting and Scientific Sessions of the 
American Heart Association. The Council will 
participate in a scientific session of the 
American Heart Association on Friday, Octo- 
ber 21. 

All sessions of the Council will be open to 
all interested individuals who are invited to 
submit abstracts of papers for presentation 
regardless of membership in the Council. 


Montana Heart Group Donates $5,000 
To Supplement National Research 


The Montana Heart Association has con- 
tributed $5,000 to supplement the Association’s 
national research support program for the 
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1960-61 fiscal year. This, and other sums to 
be donated by Heart Associations in addition 
to amounts regularly assigned by them for 
national research, will permit support of addi- 
tional investigations beginning July 1, 1960 
which could not be covered by the national 
research budget. 

Affiliates and chapters of the Association 
contributed a total of $68,680 to help reduce 
a deficit in the national research budget and 
to aid in underwriting a record total of $3,- 
300,000 awarded for national research in the 
1959-60 fiscal period. 


Meetings Calendar 

May 16-20: Postgraduate Course, “Current Re- 
search in Cardiovascular Disease,” directed by 
Dr. Luther L. Terry, Bethesda, Md. National 
Heart Institute, Bethesda 14, Md. 

May 23-27: Postgraduate Course, “The Hyperten- 
sive Diseases: Diagnostic and Therapeutic Pro- 
cedures in Eessential, Adrenal and Renal Hy- 
pertension,” directed by Dr. Robert W. Wilkins, 
Boston. Boston University School of Medicine, 
Boston, Mass. 

May 23-28: American College of Cardiology, Jn- 
dianapolis. Philip Reichert, 2709 Empire State 
Bldg., New York 1, N. Y. 

June 8-12: American College of Chest Physicians, 
Miami Beach. Murray Kornfeld, 112 E. Chest- 
nut St., Chicago 11, Il. 

June 11: International Cardiovascular Society, 
North American Chapter, Miami Beach. P. T. 
DeCamp, 3503 Prytania St., New Orleans 15, La. 

June 12: Society for Vascular Surgery, Miami 
Beach. G. H. Yeager, 314 Medical Arts Bldg., 
Baltimore 1, Md. 

June 13-17: American Medical Association, Annual 
Meeting, Miami Beach. F. J. L. Blasingame, 535 
N. Dearborn, Chicago 10, Ill. 

August 8-11: National Medical Association, Pitts- 
burgh. John T. Givens 1108 Church Street, 
Norfolk, Va. 

August 21-26: International Congress of Physical 
Medicine, Washington, D.C. W. J. Zeiter, 2020 
E. 93rd St., Cleveland, Ohio. 

August 28-September 3: International Society for 
Welfare of Cripples, 8th World Congress, New 
York. Donald V. Wilson, 701 First Ave., New 
York 17, N. Y. 

September 11-15: International College of Sur- 
geons, New York. Max Thorek, 850 W. Irving 
Park Road, Chieago, III. 

September 18-21: International Meeting of Foren- 
sie Pathology, New York. Milton Helpern, 55 


AMERICAN HEART ASSOCIATIO} 


East End Ave., New York 28, N. Y. 

September 27-30: American Roentgen Ray Societ 
Atlantic City. Hugh Jones, 20 N. Wacker Dri 
Chicago 6, Ill. 

October 10-14: American College of Surgeo: 
Clinical Congress, San Francisco. W. E. Adan 
40 EK. Erie St., Chicago 11, II. 

October 21-25: American Heart Association, A 
nual Meeting and Scientific Sessions (Octob 
21-23), St. Louis. American Heart Associatic \ 
44 East 23rd St., New York 10, N. Y. 

October 31-November 2: Association of Americ 
Medical Colleges, Hollywood Beach, Fla. Wa 
Darley, 2530 Ridge Ave., Evanston, III. 

October 31-November 4: American Public Heal ! 
Association, San Francisco. B. F. Mattis: 
1790 Broadwav. New York 19, N. Y. 

November 28-December 2: American Medical As- 
sociation, Clinical Meeting, Washington, D. ©. 
F. J. L. Blasingame, 535 N. Dearborn, Chicaz 
10, Til. 

November 30-December 3: Canadian Heart Asso- 
ciation and National Heart Foundation of Can- 
ada, Toronto. J. B. Armstrong, 501 Yonge 
Street, Toronto 5, Canada. 


Abroad 


May 30-June 3: Asian-Pacific Congress of Cardi- 
ology, Melbourne, Australia. A. E. Doyle, Al- 
fred Hospital, Melbourne, S. 1, Victoria, Aus- 
tralia. 

June 2-4: International Symposium on Drugs Af- 
fecting Lipid Metabolism, Milan, Italy. Prof. S. 
Garattini, Institute of Pharmacology, Via A. 
Del Sarto 21, Milan, Italy. 

August 14-20: Inter-American Congress of Cardi- 
ology, Rio de Janeiro. Magalhaes Gomes, Av. 
Nilo Peeanha, 38, Rio de Janeiro, Brazil. 

August 24-27: International Congress of Internal 
Medicine, Basel, Switzerland. Secretariat, 13 
Steinentorstre, Basel, Switzerland. 

August 28-September 1: International Congress on 
Diseases of the Chest, Vienna. Murray Kornfeld, 
American College of Chest Physicians, 112 #. 
Chestnut Street, Chicago 11, IIl. 

September 1-4: First International Congress 
Nephrology, Geneva and Evian, France. 
Richet, 149 Rue de Sevres, Paris 15, France. 

September 4-10: International Society of Hem- 
tology, Tokyo. J. L. Tullis, 1180 Beacon Strect 
Brookline 46, Mass. 

September 18-25: European Congress of Car¢i- 
ology, Rome. V. Puddu, Clinica Medica, Univ 
sity of Rome, Italy. 

1962:—October: Fourth World Congress of Cz°- 
diology, Mexico City. I. Chavez, Ave. Cuav '- 
temoc 300, Mexico, D. F. 
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Foreword 


HIS volume is a record of the papers 
a. which were presented at a symposium on 
salt and water metabolism, and of the discus- 
sions which they evoked. The meeting was 
sponsored by the New York Heart Association 
and was held on December 11-12, 1959. The 
participants shared a lively interest in salt 
and water metabolism but differed consider- 
ably in their scientific orientations: they in- 
eluded physical chemists, physiologists, zoolo- 
gists, and physicians; their topics ranged from 
the physical chemistry of solutions to the 
transport of electrolytes and water across bio- 
logic membranes. 

The record has been slightly modified for 
publication. However, the changes have been 
editorial rather than conceptual or factual. 
The actual proceedings have also been supple- 
mented in 2 ways: (1) by the inclusion of a 
readable abstract before all but the introduc- 
tory papers; and (2) by the use, as space 
fillers, of pertinent quotations from other pub- 
lications. 

The general plan of the meetings is indi- 
cated on the preceding pages. The first session, 
under the title of ‘‘ Theory of Solutions,’’ dealt 
with fundamentals, i.e., the nature of water, 
of water adulterated by electrolytes and pro- 
teins, and of biologie membranes. To the ex- 
tent that these papers represent common opin- 
ion, they indicate that the physical chemist 
has more respect for biologic solutions and 
membranes than does the biologist. They also 
suggest how oversimplified may be the con- 
cepts of biologists who consider renal trans- 
port mechanisms in terms of simple solutions, 


inert substanees, and cellophane-like men 
branes. . 

At first glance, the second session may seei 
to have reverted to familiar biologie ground 
i.e., the role of the kidney in the regulation o 
salt and water metabolism. But this ordinar 
topic conceals an unusual emphasis ; instead of 
dealing with entire kidneys, the meeting dea!t 
primarily with individual nephrons. New tecli- 
nies were considered in their role of substa: 
tiating old concepts and in suggesting new 
ones. Parallels were drawn between the ex 
change of ions and water across renal tubular 
cells and across biologic membranes elsewhere. 
The collecting ducts were shown to participate 
in the regulation of the final concentration of 
solutes in the urine. 

On the grounds that many extrarenal tissues 
and organs are involved in the exchange of 
ions and water, the second day was devoted to 
the extrarenal regulation of salt and water 
metabolism. Two particular aspects were 
chosen for consideration: (1) the salt and 
water exchange of extrarenal organs and tis- 
sues; and (2) the extrarenal control of cx- 
cretion of salt and water by the kidney. The 
designation of a 2-day limit for the symposii 
automatically limited the number of top « 
which could be considered. The reader is 
ferred elsewhere’* for discussions of 
transport across red cells, the frog skin, 
cerebrospinal membranes, nerve and mus 
and for some of the practical implications 
these exchanges.® 


Throughout the entire meeting ran 
threads of comparative anatomy, physiol: 
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d biochemistry. The specialized information 
ich comparative biology can provide was 
ident in the micropuncture studies of am- 
iibian and mammalian kidneys, the chemical 
alyses of the secretion of the ‘‘salt gland’’ 
marine birds, the comparisons of the bio- 
emical composition and the activities of the 
fferent antidiuretic hormones; broader per- 
ectives were evident in the consideration of 
lt and water metabolism and its relationship 
vertebrate metamorphosis. 
The meeting appeared to excite the interest 
id imagination of the participants and of 
ie audience. Unfortunately, a transcript such 
this is hard put to reproduce either the 
veliness of the proceedings or the vital per- 


sonalities of the participants; it may, how- 


( 


er, provide for the reader—through the 


Salt 


trained and critical eyes of the participants— 
a fresh insight into our present understanding 
of salt and water metabolism. 
ALFRED P. FISHMAN 
Guest Editor 
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I. THEORY OF SOLUTIONS 


CHAIRMAN: HoMER W. SmirTH, Sc.D. 


“A Knowledge of the Laws of Solutions...” 


By Homer W. Smiru, Sc.D. 


ee KNOWLEDGE of the laws of solu- 
tions,’’ it has been said, ‘‘is impor- 
tant because almost all the chemical processes 
which occur in nature, whether in animal or 
vegetable organisms, or in the nonliving sur- 
face of the earth, and also those which are 
earried out in the laboratory, take place be- 
tween substances in solution. For example, a 
sound judgment regarding physiological proc- 
esses .. . is impossible without this knowledge ; 
and this holds true for the greater number of 
the scientifically and technically important 
reactions. . . . Solutions are more important 
than gases, for the latter seldom react to- 
gether at ordinary temperatures, whereas so- 
lutions present the best conditions for the 
occurrence of all chemical processes. 

‘“The discovery of the laws of solutions is 
full of significance for the advance of phys- 
ical chemistry. . . . The colligative laws which 
apply to gases and dilute solutions always 
maintain their character because the mole- 
cules of gases and of [very] dilute solutions 
are so far removed from one another that 
neither their mutual interaction nor their 
special nature, but only their numbers, come 
into play. But the individual characters of 
the molecules become more important when 
gases are compressed, or solutions are concen- 
trated, and deviations from the colligative 
laws dominate more and more, until at last, 
in pure liquids produced by the continued 


From the Department of Physiology, New York 
University College of Medicine, New York, N. Y. 


oes 


compression of gases below their critical ten 
peratures, and in the solid state, produced by 
the removal of all solvent, [intermolecular 
forces completely dominate]. 

‘‘The hope may be expressed that the pos- 
sibility of representing and studying all these 
intermediate states, which can be accom- 
plished easily and fully in the examination of 
solutions, will be of considerable help in mak- 
ing easier the study of the laws of pure liq- 
uids.’’ The foregoing is quoted, with slight 
paraphrase, from the second edition of Wil- 
helm Ostwald’s Lehrbuch der allgemeinen 
Chemie of 1891.1* 

Ostwald’s generalization stemmed largely 
from 2 papers, then only a few years old, one 
by the Dutchman, Jacobus Hendricus van’t 
Hoff (1852-1911), the other by the Swede, 
Svante August Arrhenius (1859-1927), which 
contributed the major foundations of our con- 
temporary physical chemistry, of some of our 
contemporary physiology, and, in no small 
measure, of that sprightly if as yet ill-defined 
contemporary discipline, the proponents of 


*Ostwald’s Lehrbuch had a rather checkered history. 
The first edition in 2 volumes was published at Riga 
in 1885-87, but rapid progress in physical chemist’y 
led to a second edition of 2 volumes, published 
Leipzig in 1891-93. A revised, second printing of ts 
second edition was published at Leipzig in 1896-190. * 
with the second volume in 2 parts, followed by a fra 
ment of a third part. The first printing of the seco |! 
edition is not available to the writer, and he has f»!- 
lowed the second printing. Vol. 1, Book 4 (Solution ) 
of the first printing has been translated by Muir.’ 
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\ hich choose to call themselves ‘‘biophysi- 
sts.’’ Current studies of the nature of so- 
tions are still in the stage of revising and 
\proving the pioneer ideas of van’t Hoff and 
rrhenius. 
* *# # 
Van’t Hoff had thought to be a chemist, but 
an undergraduate student at the University 
Leyden he yielded to the lure of mathe- 
: aties, a subject wholly foreign to the prosaic 
nthetic-analytic chemistry of the 1870’s. In 
|onn he worked with Friedrich Kekulé, dis- 
verer of the tetravalent nature of carbon 
aid the ring structure of benzene; and in 

iris with Charles Wiirtz, who proudly said 
iat chemistry was ‘‘a French science’’— 
ithout fulminating either himself or his 
mentors. From Paris he went to Utrecht 
where, in 1874, he won his Ph.D. with a con- 
ventional and wholly safe thesis on cyanacetic 
and malonie acids,? wisely refraining from 
drawing the attention of his doctoral exam- 
iners to an heretical 11-page pamphlet which, 
shortly before his examination, he had pub- 
lished privately. The Dutch title of this 
pamphlet is beyond my lingual ability, and 
even in English it is too long to read.** 

Twenty-four years elapsed before this pam- 

phlet reached the English language, where- 

upon the title was reduced to the simple 
phrase, The Arrangement of Atoms in Space 

(1898).® Thereafter this work won for van’t 

Hoff an international reputation as_ the 

founder of stereochemistry, which deals with 

the arrangements of atoms and molecules in 

8 dimensions instead of 2. Through the in- 

siigation of Johannes Wislicenus the pam- 
ilet was translated into German in 1877," 

whereupon it was denounced by Hermann 
olbe of Leipzig, one of the most eminent or- 
nie chemists of the time but one who could 


“The Dutch pamphlet was translated by van’t Hoff 
o French in 1875,° a translation made necessary 
the fact that Joseph Achille Le Bel (1847-1930) 
Paris had expressed very similar views in Novem- 
r of 1874. Le Bel and van’t Hoff had come to 
2 theory of the asymmetry of the carbon atom in- 
ispendently, but because of van’t Hoff’s priority 
ad more thorough treatment of the problem of 
) tieal activity he is generally given the major credit. 
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not think in 3 dimensions, as ‘‘fanciful non- 
sense [which] carefully avoids any basis of 
fact, and is quite unintelligible to the calm 
investigator. .. .’’ As for Wislicenus, Kolbe 
said that ‘‘he has gone over from the camp of 
the true investigators to that of the specula- 
tive philosophers of ominous memory, who are 
separated by only a thin medium from spirit- 
ualism.’’ 8 PP. 86-87 

Van’t Hoff’s capacity for abstraction had 
early led to an interest in chemical kinetics, 
and his thoughts now leaped from 3 to 4 di- 
mensions. ‘‘Good music,’’ he once said, 
‘‘makes it very pleasant to think of other 
things’’—other things, perhaps, being his sec- 
ond great work, his Etudes de Dynamique 
Chimique of 1884.9 This work was translated 
into German?® and English" 12 years after 
its publication in French; it is frequently 
mentioned but rarely read because in any lan- 
guage it is very scarce. In the Etudes van’t 
Hoff incorporated all that had hitherto been 
known and added so much that was new that, 
so it has been said, chemical dynamics was 
scareely improved in the next 30 years. »- 348 
Though the Table of Contents of the Ftudes 
suggests a veritable encyclopedia (which in a 
sense it is), van’t Hoff’s writing is marked by 
brevity and clarity, and by careful definition 
of all mathematical terms; where a mathe- 
matical relation represents a broad generali- 
zation, this generalization is re-expressed in 
words. He did not concur in the view of Wil- 
lard Gibbs, who once asserted that ‘‘mathe- 
matics is a language’’ and who generally 
chose to speak no other.* 

The Etudes did not evoke the ridicule that 
had greeted Atoms in Space; rather it was 
received in silence because there seemed to be 
no one who could comprehend its dynamic 
approach—until in a Norwegian review!” for 
March, 1885, there appeared an exhaustive 
critique giving it its proper valuation as one 





*¢Tt is said that, during his long membership 
in the Yale faculty, Willard Gibbs made but one 
speech, and that of the shortest. After a prolonged 
discussion of the relative merits of language and 
mathematics as elementary disciplines, he rose to 
remark, ‘Mathematics is a language.’ ’’15, p. 26 
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of the classics of science. This critique was 
written by a relatively unknown chemist at 
the University of Upsala, one who was des- 
tined shortly to become as famous as van’t 
Hoff himself, Svante August Arrhenius. 

It was in the last section of the Etudes, 
which deals with the topic of chemical affinity, 
that van’t Hoff first propounded his gaseous 
theory of solution. He had been thinking 
to determine the affinity of Glauber’s salt 
(Na2SO4* 10H2O) for its water of erystalliza- 
tion by measuring the vapor pressure of water 
in equilibrium with the dry solid. Then it 
came about that one day in 1883, probably 
just before the Etudes went to the printer, on 
leaving his laboratory in Amsterdam van’t 
Hoff and his wife met the botanist Hugo de 
Vries (1848-1935) (of ‘‘mutation’’ fame, and 
who was Professor of Botany at the Univer- 
sity), and de Vries talked to him of the plas- 
molysis of plant cells, of isotonic solutions of 
sucrose and salts, and of the remarkable quan- 
titative studies in osmotic pressure carried out 
by the botanist Wilhelm Friedrich Philip 
Pfeffer (1845-1920) and summarized in 1877 
in Pfeffer’s monumental monograph, Osmo- 
tische Untersuchungen.” 


* * * 


The discovery of osmotic phenomena had 
been made in 1748 by the Abbé Jean-Antoine 
Nollet!* who, in seeking the source of the 
bubbles that form in liquids when they are 
boiled, had covered a vial of boiled spirits 
with a membrane—presumably of pig’s blad- 
der—and submerged the covered vial under 
water. He noticed that in a short time water 
moved into the vial, causing the membrane 
to bulge outward with great pressure. The 
paradox, that water should move into a sealed 
vial against pressure, he correctly explained, 
after numerous well-controlled experiments, 
by the supposition that the membrane is more 
permeable to water than to alcohol. (The 
Abbé’s paper was published half a century be- 
fore Dalton (1803) formulated the’ atomic 
theory, a full century before Cannizzaro 
(1858) resolved the long controversy between 
those who went along with Avogadro and 
those who went along with Berthollet.) 


SMIT? 


There followed a century and more of w 
obtrusive experimentation on osmosis, begi: 
ning with Parrot, who in 1815 studied t! 
mixing of liquids by diffusion. Some 15 yea 
later the physiologist Dutrochet introduc 
the first, if crude, manometer into this pro 
lem and in 1827 Dutrochet!® coined the wor: , 
‘‘endosmose’’ and ‘‘exosmose,’’ meaning 
push or impel. He later showed that osmos 5 
ean occur through a thin sheet of marble, ar | 
that organic membranes are generally slight 
permeable to salts. The history of our pri 
lem in the next few decades bears many { 
miliar names: Fischer, Gustav Magnus, Je: 
chau, Briicke, Matteuci~ and Cima, Liebi 
Jolly, Vierordt, Eckard, and—not the least 
among physiologists—Carl Ludwig, who basv«| 
his filtration-reabsorption theory of renal 
function on his own osmotic experiments and 
those of others. Important among chemisis 
was Thomas Graham, who in 1826 formulated 
the basic laws relating the diffusion of gases 
to their density, applied these laws to the dif- 
fusion of a solute through membranes in 1854, 
and in 1861 divided solutes into crystalloids 
and colloids. It was Graham who translated 
Dutrochet’s osmose into the English ‘‘os- 
motic.’’** The generalized law of diffusion, 
formulated in 1855 by A. Fick, is so well 
known as to require its mention only. 

Interest in osmosis spread from physiology 
to botany when Pringsheim in 1854 and Nae- 
geli in 1855 showed that the protoplasmic con- 
tents of plant cells contract in strong sugar 
or salt solutions, indicating that the surface 
of the protoplasm constitutes a membran 
permeable to water but not to many solut 
Moritz Traube is hard to classify: a pupil 
Liebig’s, he was primarily engaged in 
wine business, but worked on chemical a 
biological problems, fermentation, and « 
theory on the side. He had discovered in 1 
that osmosis could be studied by means 
membranes precipitated from colloidal 
other solutions over the open ends of g] 
tubes ; and, seeking a better membrane, he ! 


*J. Hogg used the nominative form ‘‘ osmosis’ 
1867, but the verbal ‘‘osmose’’ remained in 
until the end of the century. 
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ome upon the film of copper ferrocyanide. 
*feffer, who, like Pringsheim and Naegeli, 
iad been studying plasmolysis (and who 
eemed to have been the first to have spoken 

f the bounding surface of the plant cell as 
he ‘‘plasma membrane’’), saw the potentiali- 

ies of Traube’s artificial membrane and in 

877 reported the most important single ad- 

anee in the study of osmosis: he had pre- 

ipitated the copper ferrocyanide film in the 
orous wall of an unglazed earthen pot, thus 
reparing the first truly rigid osmometer by 
hich osmotic pressure could be measured 

‘eurately at widely different concentrations 

nd temperatures. It was about this date that 
‘famburger began his studies on the hemolysis 
of red blood cells, and that de Vries himself 
lad begun his studies using (as he called it) 
the ‘‘plasmolytic’’ method. In the ensuing 8 
years de Vries had established the ‘‘isotonic’’ 
coneentrations (another word of his) for nu- 
merous electrolytes and nonelectrolytes, using 
a variety of plant cells. 

* * * 

Hence, it seems that the stars of science 
were in some sort of favorable conjunction 
over Amsterdam when de Vries, the isotonic: 
ally minded botanist who was well informed 
on Pfeffer’s plasma membrane and copper 
ferrocyanide manometer, met van’t Hoff, the 
disillusioned organic chemist who thought in 
terms of 4 dimensions and whose Etudes had 
practieally given birth to the science of chem- 
ical dynamies. 

\nd so it was that in the last, hurriedly 
written chapter of the Etudes of 1884, van’t 
Hoff’s attention turns from the chemical affin- 
it’ of Glauber’s salt for its water of crystal- 
li, ition, to the attraction which an aqueous 
so ition has for pure water, as revealed by 
el ier de Vries’ plasmolytic method or Pfef- 
fe ’s osmometer. Here van’t Hoff coins the 
w: -d ‘‘semipermeable’’ to describe Pfeffer’s 
co per-ferrocyanided pot because it permits 
th passage of water but not of sucrose. Our 
e: while chemist proceeds with prescient in- 
Ss} “ation to show that the osmotic pressure of 
P. ffer’s solutions is related to the (natural 
lo arithm of the) ratio of the vapor pressure 
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of pure water divided by the vapor pressure 
of the solution; and to this end he calculates 
the needed vapor pressures from the relation, 
established in 1870 by Guldberg (of mass-law 
fame), between freezing-point lowering and 
vapor-pressure reduction,’* using data on the 
freezing point of sucrose solutions published 
by Raoult in 1883.18 

Then, it seems as though haste to get the 
manuscript of the Etudes off to the printer 
lands him in an anticlimax: using the re- 
corded vapor pressure data, he caleulates that 
if 2 molecules of water are removed from 
CuSO, *5H.O, an osmotie pressure of 1,300 
atmospheres would be produced. He adds, 
‘“The experiment could not of course be ecar- 
ried out in the usual way [i.e., in Pfeffer’s 
pot] since we are here dealing with a solid 
substanee.”’ 

*% *% * 

That is all. Van’t Hoff had the rational ap- 
proach to the study of solutions in his Etudes 
of 1884, and he abandoned it. Within the year 
he had turned one of those narrow corners 
that make of life a tangled skein. On October 
14, 1885, he purportedly ‘‘read’’ a ‘‘paper’’ 
in Stockholm before the Royal Swedish Acad- 
emy of Sciences, entitled ‘‘The Law of Chem- 
ical Equilibrium in the Dilute State, Gaseous 
or Dissolved.’’ This paper was published in 3 
parts in the Transactions of the Academy of 
1886.19* 

Now, there is one thing of which I am eer- 
tain, and that is that van’t Hoff never ‘‘read’”’ 
this paper anywhere. As published, it runs to 
some 57 large pages replete with tabular data, 
diagrams, and differential equations. He un- 
doubtedly said one thing and published an- 
other—but this is no sin because we all have 
committed it. The spoken and written word 
are different dialects within the mother 
tongue. What he did say to the academicians 
we will probably never know. 

In the printed paper, however, he draws the 
analogy between de Vries’ plant cells and 
Pfeffer’s copper ferrocyanide osmometer ; and, 
under the principle of conservation of energy 





*Part I of this paper was republished, with minor 
changes, in Holland in 1886.” 
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and the Carnot-Clausius principle (that heat 
does not pass spontaneously from one body to 
another one which has a higher temperature), 
he applies a reversible piston-compression cy- 
cle to 2 ideal fluids separated by an ideal semi- 
permeable membrane. Using Pfeffer’s data on 
the osmotic pressure of sucrose at various con- 
centrations and temperatures, de Vries’ data 
on the isotonic concentrations of various 
solutes, and Hamburger’s data on the hemol- 
ysis of red blood cells, he deduces the relations 
between 3 of the 4 colligative properties of 
solutions: osmotic pressure, freezing-point 
lowering, and vapor-pressure reduction.* And 
he shows that; for very dilute or ‘‘ideal’’ so- 
lutions in which intermolecular forces can be 
neglected the osmotic pressure conforms with 
the laws describing dilute or ideal gases, in 
the senses that: 

1. As stated by Boyle for gases, osmotic 
pressure is proportional to the concentration 
of solute, the temperature remaining constant. 





*Guldberg, we have noted, had deduced the rela- 
tion between freezing-point lowering and _ vapor- 
pressure reduction in 1870,” a relation experimentally 
confirmed by Raoult in 1878.7 Van’t Hoff now had 
available to him Raoult’s demonstration that: (1) 
the reduction of freezing point of equimolecular 
aqueous solutions is independent of the nature of 
the solute; and (2) the reduction of freezing point 
at equimolecular concentrations in various solvents 
is constant (water being a notable exception).” 

The 3 interrelated properties of a solution—osmotic 
pressure, freezing-point lowering, and vapor-pressure 
reduction—were, on the suggestion of Wundts, called 
‘‘eolligative’’ by Ostwald in 1891.1. ?-30 Ostwald 
distinguished additive, constitutive, and colligative 
properties: additive properties are those which are 
the sums of the properties of the constituents (e.g., 
mass); constitutive properties depend on the arrange- 
ment of the constituents of a pure substance (e.g., 
boiling point, optical activity, etc.) ; colligative prop- 
erties are those which have equal values for chemically 
comparable (molar) quantities of the most different 
substances (e.g., volume and pressure relations of 
gases, and the aforementioned properties of solutions 
in which the component molecules are so widely sep- 
arated from one another that the mutual interactions 
of these molecules are reduced to a minimum). 

It was not until 1889 that Beckmann” added boil- 
ing-point elevation to the other 3 colligative proper- 
ties, the theoretical relationships having been sup- 
plied by ‘‘my honored friend’’ Arrhenius. 
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2. As stated by Gay-Lussac for gases, os 
motie pressure is proportional to the absolut 
temperature, the concentration remainin 
constant. 

3. As stated by Avogadro for gases, othe 
conditions remaining constant, osmotic pres 
sure is the same for any 2 solutions containin: 
the same number of solute molecules per uni 
volume; and furthermore, this pressur 
amounts to 22.4 atmospheres at 0° Celsius, 
the figure 22.4 being all the more remarkab] 
when one considers the difference between th: 
gram-molecular weight of gaseous hydrogen 
which is 2, and that of dissolved sucrose 
which is 342. 

And so he applies to dilute or ideal solu 
tions the familiar ideal gas law equation: 

PV = mRT 
where P is now osmotic pressure instead of 
gas pressure and n is the number of mols? dis 
solved in 1 liter of solution. 

In short, he says that the osmotic pressure 
of a dilute solution is equal to the pressure 
which the solute would exert if dispersed as 
a gas at the same temperature and in a volume 
equal to that of the solution. 

In van’t Hoff’s interpretation, osmotic 
pressure depends on the impact of the mole- 
cules of the solute against the semipermeable 
membrane—for the all too obvious and equally 
erroneous reason that ‘‘the molecules of the 
solvent, being present upon both sides of the 
membrane through which they pass [freely !|, 


*He means centigrade, of course, because Celsius’ 
thermometer was the centigrade thermometer turned 
upside down. 


+n has here been added to van’t Hoff’s gas | 
equation simply to round out his thought. The ‘‘ki 
gram equivalent’’ was apparently introduced in! 
the gas law equation by Horstmann in 1881,” a 
convenience led rapidly to the substitution of t 
‘“gram equivalent’’ or ‘‘gram molecule.’’ The 10°- 
ter was first called a Mole by Ostwald in 190: 
printing 2, p. 612 when this writer also coined the phr: 
Molenbruch, or mol fraction, to describe the molecu 

Nhe 
ti + Ne 
1888 in his general law of vapor pressure reducti 
of ethereal solutions:™ ” 

p—p _ Ne 


p ni + Ne . 
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) not enter into consideration.’’*24 »- 15+ He 
cognized, however, that one could equally 
ell treat osmotic pressure in terms of the at- 
iction of the solute molecules for the solvent 
jleeules—in dilute solutions the bombard- 
ent and attraction theories would be mathe- 
atically indistinguishable. The third inter- 

‘etation, that osmotic pressure reflects the 

fference in vapor pressure of the solvent in 

ie pure state and in the solution, that this 

\por-pressure difference is indeed the vis a 

rgo of osmosis, was germinal in the Etudes 

' 1884; but he had turned the narrow corner 

‘fore he went to Stockholm and thenceforth 

» follows the wrong road. 

Why? 

The obvious fact of the 2-way traffic of the 
solvent through the membrane can scarcely 
hy itself explain van’t Hoff’s predilection for 
the ‘‘bombardment’’ interpretation because 
in the Etudes he had clearly recognized that 
the great affinity which Na2SO,*10H2O ex- 
hibits for its water of crystallization is re- 
flected in a proportional reduction in the va- 
por pressure of water above the salt; and in 
discussing Pfeffer’s experiments he had uti- 





“Ostwald echoes this argument in 1981 when he 
writes ‘There is no doubt that the cause of [osmotic] 
pressure is to be sought for in the dissolved sub- 
stanee, for water cannot produce any enduring pres- 
sure, inasmuch as it passes through the separating 
membrane without difficulty.’’ How close he came 

) the proper interpretation is revealed by the later 
‘comment that ‘‘the [osmotic] cell behaves as if there 
vere a partial vacuum for water in its interior; 

ter flows in, and, if no opposing pressure is allowed 

develop, produces a continuous movement which 
ses only when the contents of the cell have become 
same as those of the space surrounding the cell, 

, have become pure water. A condition of [os- 

ie] equilibrium is possible only when the pressure 

ch prevails within differs sufficiently from that 
ch prevails without.’’! pp. 101-102 The belief that 
the solute (not the solvent) in the osmometer is 
er pressure was expressed as late as 1928 by 
croft and Davis.” 

This volume contains an excerpt of reference™ 

all of references? 26, 27, 29, 32 and 37 translated into 
lish by Jones. Reference” is reproduced in part 
seicester, H. M. and Klickstein, H. S8.: A Source 

% of Chemistry: 1400-1900. New York, Toronto 


London, McGraw-Hill Book Co., Inc., 1952, pp. 
490. 
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lized a reversible cycle consisting of a semi- 
permeable membrane and a vapor phase— 
‘‘The pressure,’’ he said, ‘‘which causes the 
flow of vapour from [one chamber to the 
other] is therefore equal to the diminution in 
the vapour pressure of water which is pro- 
duced by dissolving the salt in it; ...’’ Hence 
one may suspect that he was also influenced 
by that charm which is only skin deep (and 
by which too many of us have at times been 
swayed)—namely, the esthetic appeal of his 
theory. The gaseous theory of solution, the 
miraculous figure of 22.4, promised the answer 
to an age-old mystery of why sugar dissolves 
in water, an answer both beautiful and simple 
—it turns into a gas. But nature is neither 
beautiful nor simple; it is damnably puzzling 
and complex, and no one yet has turned su- 
erose into a gas or even explained a semi- 
permeable membrane. 
* * * 


However, to return to matters of record, 
from the beginning van’t Hoff recognized that 
only dilute solutions conform with the gas 
law equation, and then, only dilute solutions 
of a few substances—sucrose is the classical 
example. Most substances,- such as strong 
acids, strong bases, and most salts, which 
Faraday long ago had called electrolytes* be- 
cause their aqueous solutions conduct the vol- 
taic current, behaved anomalously not only 
with respect to osmotic pressure but also with 
respect to vapor-pressure lowering and freez- 
ing-point reduction. For this anomalous be- 
havior he had no explanation. 

The Stockholm paper of 1885 was reworked 
in 1887 for publication in volume 1 of the new 
Zeitschrift fiir physikalische Chemie, of which 
Ostwald and van’t Hoff were co-editors. 
(Nothing clarifies our ideas so much as re- 
writing a paper once a year, perhaps for sev- 
eral years.) Van’t Hoff has now seen Raoult’s 
paper on ‘‘The General Law of the Vapor 
Pressure of Solutions,’’® showing that for 
equimolecular concentrations of nonvolatile 


*Faraday had introduced the words ‘‘electrode,’’ 
‘*eleetrolyte,’’ ‘‘electrolysis,’’?’ and ‘‘ion’’ in 1839. 
‘*Ton’’ he derived from the Greek ion meaning trav- 
eling or traveler. 
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solutes the vapor pressure of various solvents 
is reduced by the same fraction: i.e, solutions 
that have the same osmotic pressure have the 
same vapor pressure—but for van’t Hoff, va- 
por pressure still remains merely another of 
the ‘‘colligative’’ properties of a solution. 

* * * 

Something new, however, is added in the 
Zeitschrift paper, namely, an explanation of 
the anomalous behavior of strong acids, bases, 
and salts. 

Nearly 2 years before, on August 4, 1885, 
van’t Hoff had written Arrhenius, thanking 
him for his favorable review of the Etudes, 
commenting on a memoir by Arrhenius con- 
cerning electrolytic conduction, and recapitu- 
lating some of the arguments in his Stockholm 
lecture concerning chemical equilibrium. It 
was not until March 30, 1887, however, that 
Arrhenius replied, having waited until he 
could read van’t Hoff’s paper in the Trans- 
actions of the Academy. Now he suggests that 
the anomalous behavior of electrolytes in 
aqueous solution may be explained by their 
dissociation into ions ;3% PP- 21%f., 239f. jn this let- 
ter he makes what is perhaps his most explicit 
statement on the matter: ‘‘What I called in 
my paper, ‘Sur la Conductibilite’ [2nd part], 
active molecules, are thus the same as disso- 
ciated molecules. One of the propositions 
which I then put forward would now be writ- 
ten:—In all probability all electrolytes are 
completely dissociated [into ions] at the most 
extreme dilution. ’”31, P- 1392; 30, p. 241 

With this explanation available to him, 
van’t Hoff writes, in this, his third paper on 
osmotic pressure, which appeared in the 
October 21 number of the Zeitschrift,2+: °° 
‘‘It may, then, have appeared daring to give 
Avogadro’s law for solutions [equal num- 
bers, equal volumes, equal pressures] such 
a prominent place [in the theory of solu- 
tion], and I should not have done so had 
not Arrhenius pointed out to me, by let- 
ter, the probability that salts and analogous 
substances, when in solution break down into 
ions.’’ Daring it may have been, daring in- 
deed it was, but he had already committed 
himself to the gaseous theory, electrolytes not- 
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withstanding, in the Etudes of 1884 and tl 
Stockholm lecture of 1885. 


* * * 


The question may be raised as to whi 
man, van’t Hoff or Arrhenius, stood in great: 
debt to the other. Without the dissociatic 
theory the colligative properties of solutio: ; 
treated by van’t Hoff could not be rations 
ized because ‘‘most’’ compounds did not co 
form with the gaseous theory; on the oth 
hand Arrhenius had not dared go all t 
way on the dissociation theory until this th 
ory had found support in the observations « 
osmotic pressure, ete., Which had been col|:- 
gated by van’t Hoff.* 

We may but briefly turn back to the history 
of Arrhenius’ idea. The study of electrolysis 
and electrolytic conduction had had a long 
history which cannot be encompassed here be- 
yond mentioning a few outstanding names, 
such as Grotthus, Faraday, Clausius, William- 
son, Hittorf and Kohlraush—the last-named, 
with his students, having perfected the use of 
alternating current and the Wheatstone 
bridge for the measurement of electrical con- 
ductivity of solutions. The necessary data 
were available for reinterpretation by 1870, 
but the ultimate idea of the complete disso- 
ciation of the solute had been effectively 
blocked by the long-held conviction, basic to 
the atomic theory itself, that the 2 atoms of 
NaCl, for example, are held together by pow- 
erful electrical forces and can be separated 
into ‘‘charged radicles’’ only by the applica- 
tion of a substantial electrical current; and 
also by the properties of pure metals such «s 


*To say that Arrhenius’ theory ‘‘was a direct « 


come of van’t Hoff’s osmotic pressure studies,’’® ” 
is to ignore the long history of electrolytic conduct 
and other interpretations which had been advai 
before Arrhenius’ time. 

Van’t Hoff had read Arrhenius’ 2 papers” 
1884, but the vague notion of ‘‘active’’ and ‘‘i! 
tive’’ particles in solution served only to supply 
with a new approach to the mass law, electromo 
force and related matters. The fact that the par 
dissociation of an electrolyte, such as NaCl, int 
electrically active particles would increase the 1 
ber of osmotically active particles was Arrhen 
contribution. 
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dium, and of pure gases such as chlorine, 
‘hich were irreconcilable with the properties 
f a solution of NaCl. 

Arrhenius had begun his studies on the elec- 

rical conductivity of solutions at Upsala un- 
ler the organic chemist, Per Theodor Cleve, 
ut his ideas were never popular at Upsala 
ud his major work was carried out in Stock- 
olm between 1881 and 1884 under Erik Ed- 
ung, Professor of Physics to the Swedish 
\cademy. Beyond his own observations, nu- 
uerous physical-chemical data were available 
o him by 1883, all of which called for some 
mifying interpretation, but in his thesis sub- 
nitted at Upsala in 1883** 34 he had handled 
the problem of electrical conductivity cau- 
iiously by referring (in Clausius’ terms) to 
‘‘active’’ and ‘‘inactive’’ forms of the solute, 
only the ‘‘active’’ form serving to conduct 
the electric current. No explanation of ‘‘activ- 
ity’’ is given nor is it stated why ‘‘activity’’ 
increases with dilution, and the word ‘‘disso- 
ciation’’ is not mentioned. The older inter- 
pretations were reworked, quantified, and 
viven new applications, but without a com- 
plete break with tradition. Even so, the thesis 
was heterodox enough to bring opprobrium 
upon its author, who was granted his degree 
(1884) non sine laude approbateur, the double 
negative indicating in Sweden that he was 
just ‘‘a little better than passing.’’*1 

Only after reading van’t Hoff’s paper, and 
\ioting the anomalous behavior of electrolytes 
n respect to osmotic pressure, ete., did 
\rrhenius break with tradition and state that 
1 infinitely dilute solutions electrolytes are 
ompletely dissociated, and that van’t Hoff’s 
iw for osmotic pressure, and indeed all the 
lligative laws, apply to all substances, non- 
lectrolytes and electrolytes, if partial or com- 
lete dissociation is taken into account. 

The idea that some of the molecules of a 
‘lute may, when in solution, undergo com- 
lete dissociation for a finite time into ions 
hich have virtually complete electrical and 
iemical independence went considerably be- 
ond the undefined term ‘‘active.’’ It was (in 
fect) this idea which, as Arrhenius later 
iid, oceurred to him ‘‘on the night of the 
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17th of May in the year 1883,* and I could 
not sleep that night until I had worked 
through the whole problem.’’® P- 115 

Only after he had read van’t Hoff’s Stock- 
holm lecture in 1886, however, did he venture 
to publish 2 papers in Sweden**° and to 
write his definitive paper in German,®* ** the 
last appearing shortly after van’t Hoff’s 
paper in volume 1 of the new Zeitschrift. The 
Zeitschrift elicited a mixed reaction on the 
part of the scientific public—between van’t 
Hoff and Arrhenius, so it seemed to some, it 
had gotten off to a bad start. Though the gas- 
eous theory of solution was soon accepted, the 
theory of electrolytic dissociation was for 
many years opposed by every seemingly ra- 
tional, and many irrational arguments, except 
by Ostwald, who championed the new theory 
from the start. Once when Ostwald visited 
Upsala, Cleve asked him ‘‘. . . and you are 
also a believer in these little sodium atoms 
swimming around ?’’® P- 117 Tt was unthinkable 
that the bland action of water as a solvent 
could cause a molecule to separate into its 
electrically charged atoms—and one imagines 
that there were those who hesitated to wash 
their hands for fear that electric sparks might 
jump up to their fingertips.” 


* * * 


It has been said that, to van’t Hoff, his 
osmotic theory meant chiefly a new and con- 
venient way to determine molecular weights 
of dissolved substances. I do not believe it. 
Van’t Hoff was less interested in molecular 
weights than in chemical dynamics, chemical 
affinity, and a rational theory of solution. In 
retrospect, I regret that he abandoned the con- 
sideration of experimentally measured vapor 
pressure for the circuitous reasoning of the 
Clausius-Carnot cycle because thereby the 
theory of solution lost many years. Yet van’t 
Hoff and Arrhenius—we will not attempt to 
judge the relative merits of their contribu- 
tions—between them started us along the road 
we travel now. 





*His thesis was presented to the Academy on June 
6 and must have been completed some time before. 
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Protoplasm 

Protoplasm is a system of exquisite sensitiveness. In order that it may survive it 
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sometimes be afforded by the natural environment, as in sea water. Jn other-cases an 
integument may sufficiently temper the external changes. But by far the most interesting 
protection is afforded, as in man and higher animals, by the circulating liquids of the 
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staney of the physico-chemical properties of these fluids is a necessary condition for 
the evolution of free and independent life. This theory of the constancy of the milieu 
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The Structure of Water and Electrolyte Solutions 


By Ricuarp J. Popousky, Px.D. 


Intermolecular forees tend to organize water molecules into a tetrahedral lattice, con- 
ferring “crystalline” properties on the liquid. The simple ions, such as Na*, K*, and Cl, 
have dimensions which are of the same order as the water molecule. Therefore, in aqueous 
solution, ions can substitute for water molecules in the water lattice. However, because 
the force between ion and water molecule differs from the force between 2 water molecules, 
the properties of the lattice are perturbed by an ion. Transport processes in electrolyte 
solutions are analyzed in terms of the specific lattice perturbation produced by each ion. 
This approach is contrasted with the classical hydrodynamic model in which ions in solu- 
tion are treated as spheres in a continuous fluid. The relevance of ionic transport in 


aqueous solution to the transport across biologie membranes is briefly discussed. 


Theory of Dissociation 

BOUT 70 years ago Arrhenius invented 

the theory of dissociation to account for 
the conduction of an electrie current through 
an electrolyte solution. In his day the text- 
books taught that electrolytes were neutral 
molecules which decomposed into charged 
particles as a result of the applied voltage. 
However, while thinking about the measure- 
ments of conductance which he was making 
for his doctor’s thesis, it occurred to Arrhenius 
that the charged particles that make a solution 
eonduct might exist before current passed 
through the solution. This would mean that an 
electrolyte dissociated into ions the moment 
it dissolved, and that these ions would carry 
an electric current when driven by an applied 
voltage. 

The theory of dissociation worked well in 
explaining several important chemical prob- 
lems of the day. For example, van’t Hoff was 
studying the osmotic pressure and the lower- 
ing of the freezing point of solutions. He dis- 
covered that a nonelectrolyte produced an 
osmotic pressure, or lowered the freezing point, 
according to the number of molecules in the 
solution. But electrolytes were anomalous; 
they had a much greater effect than expected 
on the basis of the number of molecules. By 
taking dissociation into account and caleulat- 
ing the effect according to the number of par- 
ticles in the solution, the difference between 
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electrolytes and nonelectrolytes disappeare:’. 

The question of why electrolytes dissociate! 
was sidestepped by Arrhenius. A few years 
later, though, Thomson, and then Nernst, co 
related dissociation with the dielectric co: 
stant of the solvent. They pointed out that the 
forees between charged particles would he 
considerably reduced in a medium of high 
dielectric constant. Specifically, according io 
Coulomb’s law, the force between 2 charges is 
inversely proportional to the dielectric con- 
stant of the intervening medium. Thus in 
water, with a dielectric constant of 80, the 
foree between ions will be 80 times less than 
in the erystal, and there will be a strong 
tendency to dissociate. This argument made 
the phenomenon of dissociation seem more 
sensible, and the Arrhenius theory was gen- 
erally accepted at the close of the nineteenth 
century. Biologists were quick to see its im- 
plications, and this symposium shows how 
fruitful a good idea can be. 


Hydrodynamic Model for Ionic Transport 

Having worked out the general mechanism 
of electrolytic conductance, it was natural fo: 
biologists to try to account for the properties 
of specific ions. Thinking centered on aqueov 
solutions since water is the most common so! 
vent. At first a hydrodynamic model was use‘ 
Tn analogy with macroscopic spheres i 
liquids, an ion was thought of as a charge 
particle embedded in a continuous fluid. Whe 
a macroscopic sphere passes through a liqui 
a frictional force develops which is propo 
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‘he closest packing of spheres. (Republished by 
jermission of Interscience Publishers.?*) 


ional to its size: the larger the sphere, the 
‘reater the drag. It did not seem unreasonable 
0 suppose that the different mobilities of the 
ions could be explained in terms of the sizes 
of the particles in solution. However, this ap- 
proach soon led to difficulties, largely because 
the size of simple ions is of the same order as 
the size of the water molecule. From the ionic 
point of view, water is by no means a continu- 
ous fluid. 
Studies of fluidity provide the clearest evi- 
denee that the ions in a solution cannot be 
regarded simply as a collection of small 
spheres in a liquid. According to classical hy- 
drodynamie theory, adding particles to a 
liquid ean only increase the viscosity, that is, 
make it less fluid. The change in fluidity 
hould be proportional to the volume fraction 
of the added particles.1 Although this effect 
s used to measure macromolecules, for par- 
icles as small as ions it is apparently swamped 
y another factor. Solutions of cesium iodide, 
or example, are more fluid than pure water, 


‘hich is embarrassing for the hydrodynamic 
\odel.? 


Structure of Water 


We now know that many of the puzzling 
roperties of ions in water are due to the 
nusual nature of water. Water is a very un- 
sual liquid ; indeed, as we shall see, water is 
\ore like a erystal than like a fluid. 

What distinguishes an ‘‘unusual’’ from a 
usual’’ liquid? One difference is the way 
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The face-centered cubic lattice. (Republished by 
permission of Nature.?”) 


the molecules are packed together. In a 
‘*usual’’ liquid the molecules can be treated 
as hard spheres which interact with each other 
only on contact. The most stable packing is 
that which maximizes the- number of con- 
tacts. The spheres will form layers, 2 of which 
are diagrammed in figure 1. In the first layer 
the spheres are in staggered rows. Those in 
the next layer (thinner lines) fall into valleys 
shaped by the first layer. Each sphere has 12 
nearest neighbors: 6 in its own layer, 3 in the 
layer above, and 3 in the layer below. This is 
the closest packing for a collection of similar 
spheres. 

This array might be more familiar as the 
face-centered cubic lattice (figure 2a), the ar- 
rangement of the chloride ions in the sodium 
chloride crystal. (The sodium ions are small 
enough to fit into the spaces between chloride 
ions.) The layers in figure 1 are revealed by 
sectioning the lattice at 45°, as shown in 
figure 2b. 

The distance between molecules in the liquid 
state can be measured by x-ray scattering. 
Knowing this, and the molecular weight, we 
ean easily calculate what the density would 





Figure 3 
Schematic representation of an isolated water 
molecule. (Republished by permission of Re- 
search.' ) 


be if the molecules were closely packed.* Con- 
versely, if the density, calculated on this basis, 
turns out to be correct, the molecules are in- 
deed closely packed. Such is the case for typi- 
eal, or ‘‘usual,’’ liquids like argon and 
methane. But for water (2.9 A between cen- 
ters) the caleulated density is 1.7 Gm./ml., 
nearly twice the actual density, which means 
that the molecules are far from closely packed. 
And, indeed, x-ray data show that the average 
number of nearest neighbors is not 12, but 
between 4 and 5.3 

For the liquid to have this open structure, 
there must be relatively strong directional 
forces between neighboring water molecules. 
These forces arise from the electronic distribu- 
tion of the isolated water molecule, schema- 
tized in figure 3.4 The 4 pairs of valence-shell 
electrons in water occupy 4 orbits (the hatched 
ellipses) which extend out tetrahedrally from 
the oxygen nucleus, 0. The 2 pairs of electrons 
which form the A and B orbits, the valence- 
shell electrons, are associated with the OH 
bonds; the other 2 pairs, C and D, are, for ob- 
vious reasons, called ‘‘lone pairs.’’ Largely 
because the orbits of the ‘‘lone pair’’ electrons 


*A cube with an edge of 1 ean hold 1/,\/32r° 
spheres in closest packing, where r is the sphere 
radius. 
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Figure“4 
The ideal water lattice. (Republished by permi 
sion of Acta Polytechnica [Sweden] .**) 


are directed away from the electrically posi 
tive regions of the molecule, the centers of neg 
ative and positive charge do not coincide. This 
electrical asymmetry is the source of the 
dipole moment of the molecule, which, in turn, 
is responsible for the electrostatic interaction 
between water molecules and ions. 

Water molecules have a tendency to stick 


together by forming hydrogen bonds. The 


bond is due to the interaction of the ‘‘lone 
pair’’ electrons of one water molecule with the 
proton of a second water molecule. Since th: 
4 electronic orbits are tetrahedral, and since 
each can be involved in a hydrogen bond, it 
is clear that a population of water molecules 
will tend to form a tetrahedral lattice (fig. 4) 
This is the arrangement of the molecules in 
ice, and, as we know from the low density, 
much of the structure remains in the liquid 
state also. 

We see, then, that the structured nature o 
liquid water—called ‘‘ice-like-ness’’ by som: 
authors? 5-7—ean be traced back to the fac 
that each water molecule tends to form hydro 
gen bonds with 4 other water molecules. Ther 
mal motions lead to rupture of some of th: 
hydrogen bonds, so the degree of structur: 
will depend on the temperature. To the exten 
that water is ice-like, the molecules can b 
thought of as distributed among the sites 0 
a tetrahedral lattice. 
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Figure 5 
The crystal radii of the atomic ions. (Republished by permission of Cornell University 


Press.9 ) 


The obvious difference between water and 
ive—the fluidity—reflects the relative ease with 
which molecules can jump between lattice 
sites in the 2 states. In ice, the molecular co- 
ordination is so rigid, and the thermal vibra- 
tions are so feeble, that jumps between lattice 
sites are extremely rare. At liquid tempera- 
tures, however, enough of the coordination is 
‘oken so that the more vigorous thermal mo- 
ns lead to molecular jumps, or Brownian 
otion, between lattice sites. In a sense, each 
olecule is locked in a ‘‘cage’’ formed by 
teraction with its neighbors. The energy re- 
ired for the jump, the activation energy, is 
illy a measure of the tightness of the ‘‘cage’’ 
ich binds the molecule.’ The activation en- 
zy can be influenced by physical factors, 
ch as temperature and pressure, and, as we 
all diseuss subsequently, by introducing ions 
to the lattice. 

The lattice structure accounts for many of 
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the curious properties of water. For example, 
the anomalous increase in density between 0 
and 4 C. is due to the better packing of the 
molecules after some of the structure is 
melted. Beyond 4 C. this effect is masked by 
the usual expansion resulting from the greater 
amplitude of molecular vibration. 


Sizes of Ions 


Before considering electrolyte solutions, I 
should like to say a few words about the ions 
themselves. By assigning a ‘‘radius’’ to each 
ion, it is possible to predict a great many prop- 
erties of ionic crystals. For example, the inter- 
ionic distances in crystals and the crystal 
energy can be reckoned very accurately by 
treating the ions as hard balls of the appro- 
priate radius.® 

For atomic ions the tonic radius can be cor- 
related with the position of the element in the 
periodic table, as shown in figure 5. The radius 
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Crystal dimensions of some simple ions. (Republished by permission of Cornell University 
Press.9*) 


of the circle is proportional to the (univalent ) hydrodynamic model is less than adequate. 
crystal radius of the ion. In a given row, the Even the simpler molecular ions, shown i! 
ions decrease in size, from left to right, be- figure 6 together with some of the biologically 
cause the increasing nuclear charge for the important atomic ions, would encounter ¢oi- 
same number of orbital electrons tends to pull siderable granularity in moving throu; 
the electrons closer to the nucleus. Down the water. The forest is lost for the trees. 
columns, there is an increase in both the num- 
ber of orbital electrons and the nuclear charge, 
but since there is no change in the net charge, 
the radii are somewhat more uniform than 
across a row. 


Lattice Model for Aqueous Electrolyte Solution 
Suppose an electrolyte is dissolved in water 
To a first approximation, the ions will occu 
the same lattice sites as the water, that is, th 
will fit into the lattice substitutionally (fig. ‘ 
A water molecule is very nearly the same On the left, a water molecule is tetrahedra 
size as the oxygen ion. Since the fundamental coordinated with 4 neighbors. The bla 
assumption of the hydrodynamic model is that patches locate the hydrogen nuclei. Since t 
the discontinuities in the solvent are small structure is held together by hydrogen bon: 
compared with the size of the suspended par- the black patches are opposite the ‘‘lone pai: 
ticle, and since atomic ions are either smaller orbits. On the right, an ion is substituted | 
than or very nearly the same size as the water the central water molecule. This substituti: 
molecule, it is not at all surprising that the will lead to changes in the water lattice. Sin 
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WATER STRUCTURE 


SUBSTITUTIONAL IONIC SOLUTION 


Figure 7 
Water structure and a substitutional ionic solution. 


the ion is a monopole rather than a dipole, 
iis electrostatic field will interact with the 
dipole moment of the water molecules and 
iend to rotate 2 of the 4 adjacent water mole- 
cules. An anion, for example, will attract the 
positive ends of the adjacent water dipoles 


toward the center of the tetrahedron, and 
this rotation will disturb the coordination of 
the next shell of water molecules. Of course, 
the influence of the ion on the lattice structure 
will fall off with distance, and, far from the 
ion, the lattice will be unperturbed. 
Before leaving this figure, I should like to 
point out that the electrostatic interaction of 
a ion with water dipoles (in the first shell 
and beyond) can, in a sense, be compared with 
s interaction with counter ions in a solid 
rystal. Carrying this thought further, an 
jueous electrolyte solution can be taken as 
quid erystal of variable composition. Then 
issociation in water would simply be the 
\ixing of 2 compatible crystals, a point of 
iew that might have dissolved some concep- 
ial difficulties of Arrhenius’ day. 


Transport Processes 


It is convenient to think of an ion as a 
iodified water molecule, considerably differ- 
it in charge, and different in size. These 
ifferences will change the activation energy 
ecessary for lattice jumps among sites in 
ie neighborhood of the ion. The magnitude 
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of the change, which depends on the ionic 
species, will be reflected in a corresponding 
change in various transport processes. For 
example, consider an ion that interacts with 
the adjacent water molecules so that they 
move about the lattice more easily. Then the 
self-diffusion of water in the presence of the 
ion will be greater than in pure water. Also, 
since the ion itself is locked in a ‘‘cage”’ 
made up of the water molecules around it, the 
ion will also move more freely in this case. 
Conversely, if the ion-solvent interaction is 
such that water molecules near the ion move 
with greater difficulty, the ion within the 
‘‘eage’’ will also move less freely. 

According to this picture, then, both ions 
and water molecules are distributed among 
the sites defined by the water lattice. But each 
ionie species modifies the structure of the lat- 
tice around it in a specific way. The activation 
energy for lattice jumps of both the ion and 
the water molecules around it, the perturbed 
water, will be different from that of the un- 
perturbed water, the difference depending on 
the ionie species. The change in activation 
energy will be reflected in both the ionic and 
the water mobility. 

The simplest way of measuring the influence 
of an ion on the water lattice is to measure the 
fluidity of the solution. All the particles oe- 
cupying the lattice sites will contribute to 
the fluidity: the ions themselves, the water 

: 
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Figure 8 
Dependence of the limiting mobility of the alkali ions on the relative fluidity, the Jones 


and Dole parameter B. 


perturbed by the ions, and the water unin- 
fluenced by the ions. If an ion breaks up the 
structure of the waters around it, the solution 
will be more fiuid than pure water. Con- 
versely, if an ion interacts with the neighbor- 
ing particles in such a way as to make it more 
difficult for them to move around, the solution 
will be less fluid. 

This argument can be turned around to use 
the fluidity of the solution as a basis for eal- 
culating the activation energy of both an ion 
and the water molecules with which it inter- 
acts.1° This activation energy can then be 
used to calculate the mobility of the ions (the 
electrical conductivity of the solution) and 
the mobility of water (the rate of diffusion of 
labeled water through the solution). 

Analysis reveals that the ionic mobility 
should be exponentially related to the fluidity 
of the solution.’° To test the result of this 
analysis, data for the alkali ions have been 


plotted in figure 8. The abscissa is a measure’ 
of the influence of the ion on the fluidity of 
water : with an anion that has no effect on the 
water structure, solutions with cations on the 
right of zero, e.g., potassium, rubidium, and 
especially cesium, are more fluid than pure 
water; sodium, and to a greater extent, litl- 
ium, decrease the fluidity of the solution. The 
ordinate is the logarithm of the corresponding 
mobility. The data fit the expected linear 1 

lation quite satisfactorily. It should also he 
noted that the smaller crystal radius is cor- 
related with the lower mobility, a point whic 

will be discussed subsequently. 

This relation is not restricted to the alka 
ions. Figure 9 displays data for 38 differer 
species for which both fluidity and mobilit, 
data are available. All the ions have cryst: 
radii less than 4 A. Three points, in pare! 





*The datum used is the Jones and Dole paramet: 
B.»* 
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Figure 9 


Dependence of the limiting ionic mobility on the relative fluidity, the Jones and Dole 


parameter B. (Republished by permission of the Journal of the American Chemical 
Society.1°) 


theses, trimethylammonium, tetraethylammo- 
nium, and lanthanum, are clearly out of line. 
But the scatter about the expected linear re- 
lation does not seem unreasonable, especially 
sinee the fluidity data are from many sources, 
some quite old. 
The structure-breaking—or structure-form- 
ing—effects of the ions are also reflected in 
\eir influence on the self-diffusion of water. 
‘1 these experiments, the diffusion of labeled 
water across an electrolyte solution is com- 
:ared with the diffusion through pure water. 
"hether the tracer moves through the solution 
ore or less rapidly than in pure water should 
pend on whether the ions break, or 
rengthen, the lattice around them, which, 
has been discussed previously, can be de- 
‘ ded from the fluidity of the solution (fig. 
}). The ordinate is the change in the self- 
‘ffusion of labeled water, and the abscissa, 
; in figures 8 and 9, is a measure of the 
lidity of the solution. For example, a molar 
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solution of potassium iodide, at 10 C., is about 
12 per cent more fluid than pure water at that 
temperature; labeled water diffuses through 
it about 13 per cent faster than in pure water. 
The straight line was calculated from the 
model ;!° the points are the experimental find- 
ings for the 3 salts, KI, KCl, and NaCl, at 
the indicated temperatures.14 That the model 
also works in this case is especially significant 
since the slope and intercept of the straight 
line were derived without benefit of adjustable 
parameters. 
Ionic Hydration 

Until now, I have purposely avoided the 
problem of ionic hydration, that is, the ques- 
tion of whether an ion migrates alone or with 
a number of attached water molecules. The 
concept of hydration was invented to explain 
why the ions with smaller crystal radii are 
generally less mobile than those with larger 
crystal radii. It was argued that the water 
dipole would be attracted and locked to the 





PODOLSKY 


C=I!molar 


- Ol 0 


RELATIVE FLUIDITY 


Figure 10 
Dependence of D, the self-diffusion coefficient of water in electrolyte solutions, on B, 


the Jones and Dole parameter. (Republished by permission of the Journal of the Ameri- 
can Chemical Society.'°) 


smaller ions since the electric field at the sur- 
face of an ion increases with decreasing theory of electrolytes. 
radius. Then the hydrodynamic unit—the 
cluster of particles that stick together in 
Brownian motion—would actually be larger 
for the ions having the smaller crystal radii. 


This has always been a murky point in th 


Direct studies, wit! 
tracers, show that the water around smal! 
highly charged ions—e.g., aluminum, with 

charge of 3, and thallium, with a charge of 4 
exchanges, within a few minutes,'? with mol 
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ies far from the ion. Whether water sticks interaction of ion and solvent. This interaction 
these ions for the shorter times involved in might be the reason for some of the difficulties 
fusion is not known. If the hydrodynamic encountered in explaining membrane specifi- 
del for ionic transport is put aside, the city in terms of either crystal radius or ionic 
dence for a rigidly bound shell of water on mobility in water. 


» smaller ions becomes quite tenuous. 
An energetic rather than a geometric factor 
obably lies behind the lower mobilities of 
» smaller ions. The interaction of the ionic 
ld with the dipole moment of the adjacent 
ter raises the activation energy which is 
‘essary for motion of these waters. This 
ect ean be large, compared with structure 
eaking from disruption of the water lattice, 
the high fields of the surface of the smaller 
is. If the net result were a tighter ‘‘cage’’ 
around the ion, the ion would have a cor- 
spondingly lower mobility. 


Conclusion 


| think the lesson to be drawn from the suc- 
cess of the lattice model in understanding 
transport processes in electrolyte solutions is 
that the analysis starts with the change in the 


solvent due to the ion. This is a turnabout 
from the earlier hydrodynamic model in which 
the solvent properties were supposed to be un- 
influenced by the ion and the differences 
among ionic solutions were attributed to the 
‘‘sizes’’ of the ions in solution, an elusive prop- 
‘ty which could never be pinned down. In 
lie lattice model, on the other hand, the water 
‘ructure is changed in a specific way by each 
ionie species. This change depends on the way 
he lattice adjusts to the differences between 
ve force field of an ion and that of a water 
leeule, or, more simply, on how the ion 
its’’ into the water lattice. 
With regard to membrane transport, the 
ative mobility of ions in the membrane 
1 in water will be the same to the extent 
it ions move through ‘‘wide’’ channels con- 
ning water with lattice properties like pure 
ter. However, if the water lattice is modi- 
| by the membrane, as would happen in the 
e of ‘‘narrow’’ pores, there is no direct 
y of relating transport in the membrane to 
nsport in water. As in the case of water, 
‘dominant factor is probably the reciprocal 
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Protein Molecules in Solution 


By Irvine M. Kuorz, Px.D. 


A protein molecule in solution may undergo a host of interactions: with solvent, with 
small molecules and ions, with itself, with other macromolecules. In a physiologic milieu, 
all of these possibilities are present. A variety of interactions will occur. On the basis 
of the behavior of these substances in simple systems, reasonable guesses can often be 
made as to which interactions will predominate in a biologie environment. 


N THIS paper, we shall examine some of 
I the properties, and the behavior, of pro- 
teins in solution. Our view will be a molecular 
one and we shall interpret the behavior of 
proteins in terms of the structure of these 
macromolecules and their interactions with 
their environment. It is appropriate, there- 
fore, to summarize briefly at the outset, some 
of the salient features of the structure of 
protein molecules. 


Brief Review of Protein Structure 

Proteins are supermolecules made up of 
small amino acid building blocks. The chains 
of amino acids are held together by peptide 
linkages, each residue contributing about 
3.5 A to the length of the chain (fig. 1). As 
has long been recognized, specificity of pro- 
teins must reside ultimately in the particular 
sequence of amino acids in the chains of the 
supermolecule. As a result of the magnificent 
skills of several individuals, sequences (some- 
times called the primary structure) are now 
known completely for 2 proteins, insulin! and 
ribonuclease,” * and almost completely for sev- 
eral others. The arrangement in insulin is 
shown in figure 2. 

Overwhelming evidence exists that within 
a protein molecule the polypeptide chain does 
not occur as a stretched-out string of residues. 
While the basic configurations assumed by the 
chains are not yet established unequivocally, 
and certainly must differ among different 
classes of protein, the best model so far is the 
a-helix coil suggested by Pauling, Corey, and 
Branson‘ (fig. 3). With such a coiling, it takes 
approximately 7 amino acids to traverse 10 A 


From the Department of Chemistry, Northwestern 
University, Evanston, Il. 


Figure 1 
Peptide bond (in broken-line circle) between 2 
amino acids, tyrosine (top) and alanine (bottom). 
Scale in angstrom units is shown at left. 


in the direction of the axis of the helix. In a 
helix, furthermore, a given amino acid has 
as neighbors not only the 2 amino acids to 
which it is attached by peptide linkages, but 
also those residues 1 turn in the helix above 
or below. If these steric relationships were 
known, and as yet they are completely ob- 
scure, we would say that the secondary stric- 
ture of the protein molecule had been est: 
lished. 

If the basic configuration of the polypepti 
is a helical coil, then it is clear from the knov! 
dimensions of globular proteins that the « 
helices must be folded over in various conf '- 
urations so as to be contained, in most cas 3, 
in a volume which is very roughly spheri 
in shape. Such conformations have usua | 
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Figure 2 
Sequence of amino acids in insulin. There are 2 peptide chains linked together by di- 
sulfide bonds represented by heavily blackened parts in the diagram. Gly = glycine; 
Phe = phenylalanine; etc. (Republished by permission of Naturwissenschaften.°’ ) 


bea ealled the tertiary structure of the pro- 
teia moleeule. Despite heroic efforts over an 
exiended period, information concerning 3- 
dimensional configuration is available for only 
1 protein, myoglobin,® (fig. 4) which shows a 
very complicated pattern of foldings, the bio- 
logic significance of which is not compre- 
hended at all. 

Nevertheless, even in the absence of detailed 
structural models, we do have extensive 
knowledge of the over-all sizes and gross 
shapes of many protein macromolecules. A 
few of these are shown in figure 5. It is only 
from these very gross models that we can be- 
gin our considerations of the properties of 
protein molecules. 


Interactions of Protein Molecules with Solvent 
n any discussion of the behavior of pro- 
teins in solution, i.e., of the interactions of 
these macromolecules with their environment, 
we recognize that the surfaces shown in figure 
) cannot actually be as smooth as the draw- 
invs might imply. If the figure were expanded 
su: iciently we would be able to visualize the 
sp-cifie side-chains of the individual amino 
ac | residues. A few polar side-chains are 
sh wn schematically in figure 6. Such polar 
al. nonpolar substituents play a vital role in 
th interaction of the macromolecule with its 
ronment. 
hat the environment of the protein surface 
ry different from that in the bulk of the 
tion is evident from the marked differ- 
. 9S in the chemical behavior of functional 
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Figure 3 
Schematic diagram of helical configuration of a 
polypeptide chain (solid line) with hydrogen bonds 
represented by broken lines. 


groups which are attached to protein side- 
chains. For example, sulfhydryl groups in 
simple compounds, such as glutathione, react 
rapidly and completely with many substances, 
particularly heavy metals: 

R—SH + Ag’ =>R-SAg+H*. (1) 
The same —SH group attached to a protein 
(for example, f-lactoglobulin) acts as if it 
were completely hidden from any attacking 
reagent, such as Ag* (fig. 7). The diffusion 
current of Ag* added to protein in buffer rises 
just as it would if protein were absent. Only 
if the protein is denatured, for example with 





10A 


Figure 4 
Configuration of myoglobin. The gray disk is the heme group, the little black ball attached 
to it, an artificially introduced group required for the x-ray analysis of this macro- 
molecule. The white parts are the polypeptide configuration. (Republished by permission 
of Endeavour.’8 ) 


Table 1 


Some Unusual pK’s in Proteins 


Protein Group Expected Found 





Ribonuclease saat 9.9 (3 groups) 
65 (3 groups) 


ai Mdetve —_ 


Ovalbumin 


Hemoglobin 
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a, does the —SH group become visible to 
Ag*. Denaturation is said to ‘‘unmask’”’ 
s mereaptan in the protein molecule. 
similarly, if we examine the titration char- 
eristics of acid-base groups of a protein, 
often find peculiarities (table 1). For ex- 
ple, the phenolic —OH groups of tyrosine 
idues often will not dissociate H* ions at 
values much higher than are characteris- 
for this substituent.® * Also, basic residues, 
h as histidine, may not accept a hydrogen 
until the pH is lowered much below that 
which an imidazolium ion is normally 


‘ormed.$ A more detailed description of such 


usual acid-base behavior is shown in figure 
for an —N(CH3)s group which has been 
ificially introduced into a protein; hydro- 


gen ions are taken up only at much stronger 


vidities than are necessary when the same 


group is attached to a simple amino acid.’ 


\ 


There is thus no question that a protein en- 
ironment may modify the properties of a 


substituent. However, the molecular basis of 
the changed behavior is less certain. I should 
like to present primarily our views!’ on this 
subject. 


As we have suggested recently, many as- 


peets of the behavior of proteins in solution 


e 


an be interpreted advantageously if we as- 


sign some special properties to the water in 
the immediate neighborhood of the macromol- 


«ule. There are good reasons, aside from the 


properties of proteins as such, for assuming 


special ice-like character of regions of the 


hydrate water of these macromolecules. As 
was mentioned previously, proteins contain a 
large number and variety of nonpolar side- 


( 


iains (table 2); in simple molecules these 


side-chains possess the remarkable property 


( 


forming crystalline hydrates consisting 
redominantly of molecules of water in an 
e-like lattice with occasional holes into which 
nonpolar molecule may fit.112 Such non- 
lar hydrates are stable at temperatures well 
ove the melting point of ordinary pure ice; 
is the presence of the nonpolar molecules 
the holes of the polyhedrons (figs. 9 and 
)) formed by the HO molecules which sta- 
ilizes the ice-like lattice. 
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SIZES AND SHAPES OF 
SOME PROTEINS 


jae 
100A 


H,0 


Na* Cl” Glucose 


Chymotrypsinogen 


B-Lactoglobulin Hemoglobin 


| 


Fibrinogen 


Hemocyanin 
Turnip Yellow 
Virus 
Figure 5 
Sizes and shapes of some protein molecules. For 
comparison, some small molecules and a scale are 
shown at the top. 


In a protein molecule many nonpolar side- 
chains exist in juxtaposition. Thus, there 
could be a ‘‘coupling’’ of the ice-like lattices 
which are formed around each residue with a 
consequent strengthening of the resultant hy- 
drate structure. The structure of the lattice 
which is formed by the coupling of water of 
hydration of protein side-chains may not be 





PROTEIN. 


Figure 6 
Schematic diagram of some ionic side-chains in protein molecules. 


BETA-LACTOGLOBULIN 


/ 
O 


Diffusion 


Current In 
Buffer 


oO 


04-A——A 4 Os 
cc. AgNOs soln. , 
Figure 7 
Detection of -SH groups by amperometric Agt 
titration of protein B-lactoglobulin. In buffer, cur- 
rent due to free Agt goes up immediately upon 
addition of AgNOz, ie., -SH groups on protein 
are not detectable. In buffer + urea, current stays 
at zero for substantial addition of Ag*, a behavior 
due to removal of Ag* by -SH of protein. 


Table 2 


Comparison of Amino Acid Side-Chains with 
Molecules Which Form Hydrates 


Some moleculk 
which form 
crystalline 


Some amino acid side-chains hydrates 





ii. (Ala) CH, 


CH; CH; 
_cH (Val) CH:¢ 
H; CH; 


CHs CH; 
CH:—CH¢ (Leu) CH;—CH 
CHs CH 
—CH:—CH:—S—CH:; (Met) CH.—S—CH; 


(Phe) . > 


_t.— 7» 


—S 





the same as that of nonpolar hydrates of sma!! 
molecules, such as those listed in table 2, bu 
the possibilities for cooperative interaction 1 
the macromolecule should be even greate: 
since the residues are even initially relativel 
fixed in position by the framework of the pri 
tein molecule. A very schematic and exag 
gerated representation of such an ice-like lat 
tice is shown in figure 11. 

The presence of patches or ribbons of ice 
like coverings around various regions of a pro 
tein molecule would affect both the kinetics of 
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TITRATION OF 


Fraction Acid Form 


oO 
<<" 
0. °o 
BSA * 
CONJUGATE ind 


H,0 


Figure 8 
Uptake of H* as a function of pH by dimethylamino group (of molecule shown) when 
attached to glycine and bovine serum albumin (BSA), respectively. A much lower pH, 
i.e., stronger acidity, is required to place H* on conjugate to the protein. 


its reactions and its state of equilibrium. Rates 
of diffusion of essentially all substances to a 
reactive site under an ice layer would be 
vreatly reduced. With Li‘, for example, it is 
known?® that the rate of diffusion in ice is at 
least 10,000 times slower than in liquid water. 
n this basis, one can readily understand why 
Ag* titrates very slowly with —SH residues 
in many proteins, e.g., B-lactoglobulin (fig. 7). 
- udging from the observation that mercaptans 
rm crystalline hydrates, we might conclude 
asonably that —SH groups in proteins could 
articipate cooperatively with neighboring 
de-chains in the formation of an ice patch. 
iffusion of Ag* through this ice patch 
ould be greatly hindered as compared to the 
ovement of this ion in ordinary water. Con- 
quently, the protein mercaptan acts as if it 
ere masked. 
Similarly, the shift in the titration curve 
' protein-bound groups such as —N(CHs3)>. 
ward a lower pH (fig. 8) can be readily in- 
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terpreted. Such a shift means, in essence, 
that the environment is more favorable to 
(CHs3)2N than to (CH3)2NH*. Such a bias 
seems very reasonable, for the creation of a 
charged group in place of the uncharged one 
would require some breakdown of the ice lat- 
tice of the protein. 


Interactions of Protein Molecules with Small 
Molecules and Ions 


In addition to interacting with solvent, pro- 
teins may also interact with all types of small 
ions and molecules in the solution. The sta- 
bility of the complexes which are formed 
depends largely upon the character of the 
macromolecule and the small ligand, but it is 
also affected by the nature of the environment 
in the solution. An exhaustive survey of these 
factors would be inappropriate for this sym- 
posium, but a few representative examples of 
some dominant factors in these interactions 
will be described. 





Figure 9 
Model of arrangement of water molecules in crystalline hydrates of nonpolar molecules. 
Each ball represents 1 water molecule. The molecules are arranged in pentagonal planes, 


12 of which enclose a dodecahedral space. 


in diameter. (Republished by permission 


Metal Ions and Hydrogen Ions 


Figure 6 was introduced into this paper 
largely to show some polar side-chains which 
occur in practically all proteins and which 
are capable of forming complexes with many 


metal ions. 
complexes 


Practically all metal ions form 
with some protein side-chains. 
Nevertheless, there are differences in specifi- 
city among the metals; some examples of these 
differences are summarized in table 3. In 


The hole inside this polyhedron is about 5 A 


of Zeitschrift fiir Elektrochemie.") 


general, the alkali metals (e.g., Na‘) do no 
form complexes, although with special pr 
teins (e.g., myosin'*) binding is observed 
probably due to a clustering of appropriat 
residues of the macromolecule. The alkalin: 
earth metals (e.g., Ca‘) form complexe 
largely with carboxylate or phosphate sid 
chains. Heavier metals, particularly of th 
transition series, are bound to practically al 
groups of the protein which are capable 0! 
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Figure 10 
Polyhedrons of type of figure 9 arranged to form a large lattice, as is found in crystalline 
nonpolar hydrates. Compartments of 5,6 and 7 A are available for enclosure of nonpolar 
molecules within water structure. (Republished by permission of Oxford University 
Press.** ) 


Table 3 
ding of Metal Ions by Some Substituents in 


steins®™ 


— 


| | 
HO—P=0O C. HN N 
i “0 NG? 
oO. O— H H 


bt 


+ ++ 
++ ++ 


‘or further quantitative estimates of affinities, see 
| and Wileox.13a 





racting with H’*. Nevertheless, there are 
rences in specificity. Beyond the very Figure 11 
itative i i ‘ Se pe 

- information of table 3, one can Schematic diagram of ice-like character of hydra- 
t to the very high affinity of Fe—much tion sheath around nonpolar groups in protein 
ter than that of Cu—for phenolic oxygens molecules. Small circles represent water molecules. 
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-3.0 


KLOT? 


LOG [Me**lrree 


Figure 12 


Uptake of Zn**, and of Ca**, respectively, by serum albumin at different pH’s. Ordinate 
represents number of Zn** (or Ca**) ions bound by 1 molecule of protein; abscissa 
gives the logarithm of the concentration of free metal ion (in water) in equilibrium with 
the bound metal ion on the protein. 


in compounds such as tyrosine. On the other 
hand, Cu is bound more strongly to amine 
nitrogens or to mereaptan groups. An inter- 
esting case not shown in table 3 is Pb ion 
which, like Zn or Cu, is bound strongly to 
merecaptan groups. On the other hand, Pb 
shows a much greater affinity for carboxyl 
than for amine groups; the opposite prefer- 
ence is characteristic of Zn and Cu. 

There are also specificities among protein 
molecules, although these are not too well un- 
derstood in molecular terms, except perhaps 
for the heme pigments in which a definite 
prosthetic group can be isolated. Thus, conal- 
bumin or transferrin shows a remarkable affin- 
ity for Fe, the interaction occurring with 
tyrosine residues ;!° yet, many other proteins 
have a substantial complement of tyrosines, 
but no unusual avidity for Fe. 

The ligand groups shown in table 3 are all 
capable of binding H’* ions. It is not surpris- 


ing, therefore, that H* ions should compete 
with metal ions and, hence, that the binding 
of metals is dependent on the pH. For exam- 
ple, Fe(III)-conalbumin is stable above pH 7 
but loses Fe(III) below pH 7 (if citrate is 
present). More detailed results for albumin 
complexes with Zn?® and with Ca are illus- 
trated in figure 12. In all cases, lower pH, i. 
increasing acidity, lowers the amount 
bound metal ion. 

The extent of binding of metal ions by pr: 
teins may also be controlled in part by ‘‘meta! 
buffers,’’ i.e., complexing and chelating agen‘ 
with a strong affinity for the cation. The 
agents thus compete with the protein for t!« 
metal. For example, the binding of zine io: s 
by serum albumin at pH 6.4 can be reduce | 
by addition of glycine,’® which forms co! 
plexes with the metal. Similarly, acetate coi 
petes with protein for lead ions, iodide fc" 
mercury,'® citrate for copper.’ These ‘‘met: 
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Moles Bound Am. Ac. 
Moles Total Protein 


log [Am. Ac] 


free 


Figure 13 
Comparison of the extent of binding of L-tryptophan with that of D-tryptophan by 
serum albumin. Ordinate gives number of bound amino acid molecules on each protein 
molecule, and abscissa shows concentration of free tryptophan in equilibrium with that 


bound to protein. 


buffers’? can be used to control the extent of 
binding of cations and, hence, the physical or 
biologie consequences of such binding. 
Organic Molecules 

Proteins also form complexes with organic 
ions and molecules. For purposes of illustra- 
tion, we shall consider just a few complexes 
of serum albumin. In a sense, this protein is 
not representative because it binds a great 
ve riety of molecules and ions whereas one 
usally emphasizes the high specificity of the 
i) eractions of proteins, e.g., enzymes or anti- 
belies. We shall not discuss the molecular 
in erpretations of such specificity. It should 
b: pointed out, however, that serum albumin 
al o shows remarkable discriminatory proper- 
tis. A most striking illustration occurs with 
tr ptophan (fig. 13), the L-isomer being 
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bound substantially, the p-isomer markedly 
less so.2° Preferences also are shown for posi- 
tional isomers. For example, albumin distin- 
guishes between o-, m-, and p-methyl red (fig. 
14), not only with respect to affinity but also, 
as judged from spectroscopic manifestations,”* 
with respect to the nature of the interaction. 

As with metal ions, the binding of organic 
ions by proteins may be decreased by compe- 
tition of other anions. Thus, the addition of 
chloride, acetate or phthalate ions, reduces 
the binding of methyl orange by serum albu- 
min (fig. 15). Obviously, the type of buffer 
solution used may influence substantially the 
interaction between macromolecule and small 
ion. Nonionic organic molecules may also com- 
pete with ionic. Thus, decanol reduces the 
binding of tryptophan,”° and alcohols, from 





PROTEIN 


PROTEIN 


PROTEIN 


Figure 14 

Structural formulas of some positional isomers 
between which serum albumin can discriminate 
either in extent of binding or in effect of protein 
on color of small molecule. Also shown are dis- 
tances between groups on protein involved in 
binding of these small molecules, for comparison 
with distances between (CH ;),N- and -COO™ sub- 
stituents on each small molecule. Protein side- 
chains are too far apart (12 to 13 A) to link to 
both (CH;),N- and —COO™ of top molecule ; hence 
linkage is to -COO™ only, and binding and spectro- 
scopic effects differ in this case from results with 
lower 2 molecules. 
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Figure 15 
Difference in extent of binding of methyl orange 
by serum albumin in presence of different buffers: 
@, acetate buffer, O, phthalate buffer. Lower bind- 
ing curve in presence of latter buffer shows that 
phthalate ion interferes more than does acetate 


methanol to decanol, reduce the binding of 
methyl orange by serum albumin. 

It is also possible to increase the uptake of 
organic molecules and ions by a variety of 
stratagems, 2 of which will be mentioned here. 

A molecule such as pyridine-2-azo-p-dimethyl- 
aniline (I) is not, by itself, bound appre- 
ciably by proteins. However, if very small 
amounts of metal, e.g., Zn**, are added to the 
solution, very substantial binding of (1) fol- 
lows (fig. 16). As we now know, the metal 


¢N-nN=N-() -N(CHs): 
(1) 

ion acts as a bridge between protein and or- 
ganic molecule (fig. 17). The net result is a 
strong cooperative interaction. Zine ion and 
(I) have a small affinity for each other (k = 
0.2 X 10%) even in the absence of protei.; 
attached to a protein, the affinity of Zn™* 
(1) rises almost 50-fold (k = 9 X 10). 

Equally striking increases in the bindi g 
of anions by protein molecules are observ °¢ 
in the presence of glycine (fig. 18), but h: 
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Figure 16 

Increase in degree of binding of a dye (pyridine- 
2-uzo-p-dimethylaniline) when Znt* is added to 
the protein solution. Each curve shows number of 
bound dye molecules on each protein molecule, as 
a function of free dye concentration in the solution. 
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Figure 17 
ematic diagram of Zn** ion acting as a bridge 
veen protein and small molecule. This mediat- 
effect of Zn** increases number of dye mole- 
s bound to protein molecule. 


mechanism of the effect must be markedly 
erent, for glycine itself is not bound by 
im albumin. Furthermore, the concentra- 
s of this amino acid which are required to 
‘ease the binding of protein?” are very 
h (0.5 to 2 M) compared to those at which 
als manifest their effects. At such high 
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Figure 18 
Increased binding of methyl orange by serum 
albumin when glycine is added to the solution: 
O, no glycine; @, 2.5 M glycine. Each curve shows 
number of bound dye molecules per protein mole- 
cule as a function of the concentration (A) of free 
dye in solution. 


concentrations of amino acid, the dielectric 
constant of the solution is altered appreciably 
and, hence, interactions between charged 
species could be changed. Nevertheless, as we 
have shown, this electrostatic effect is not the 
dominant one since even the binding of un- 
charged molecules by proteins is increased. In- 
stead, it is our feeling, for reasons described 
elsewhere,”? that the influence of glycine is to 
be understood in terms of what this amino 
acid ean do to the solvent rather than to the 
protein. Zwitterionic glycine perturbs the 
water in its neighborhood and, hence, also the 
hydration of the organic molecule in the 
aqueous solution. Consequently, the organic 
molecule turns more readily to the more hos- 
pitable environment of the protein envelope 
where, with the assistance of nonpolar side- 
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Figure 19 
Top: protein molecule, P, with some water of 
hydration (small circles) around nonpolar regions. 
Bottom: protein complex with an anionic hydro- 
carbon molecule, A, showing increased hydration 
in the complex due to cooperative effect between 


P and A. 


chains of the macromolecule, a cooperative 
stabilization of the water lattice may ensue 
(fig. 19). On this basis, one can see that 
glycine should affect the binding of uncharged 
organic molecules as well as of organic ions. 

So far, we have considered examples of pro- 
tein complexes which are essentially reversible 
(in the thermodynamic sense), that is, which 
can be dissociated by lowering the concentra- 
tions of the reacting species. It should be 
pointed out that covalently bound complexes 
may also be formed at physiologic tempera- 
tures and pH’s. Among the most interesting 
of these from a physiologic viewpoint are 
those involving the mereaptan or disulfide 
substituents of proteins. 
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As has been mentioned earlier, merci 
combines with —SH groups of proteins. 
analogous reaction occurs with organic m 
curials, e.g., between (II), 


(CHs).N—¢ —-N=N—(¢ )— Hg-000 
(IT) 

and almost any protein with mercapt 

groups: 

P —SH+RHgX—»P —-S—HeR+ HX. | 

The mercaptide bonds formed are very stal 

although the rate of the reaction is not alw: ys 

high, the stoichiometry is very sharp ( 

20). Similarly, sharp, stoichiometry is 

served in the reaction of disulfide compow 

with protein mereaptan groups :*4 

P—SH + R—-S-S-—R——> P-S-S-R. 


Intramacromolecular Interactions of Proteins 

It has been known for some time that for 
many proteins, the kinetic-molecular unit 
which we see at physiologic pH’s and tem- 
peratures is not necessarily the smallest mo- 
lecular species. Under other conditions, the 
macromolecule may dissociate (or associate) 
reversibly into smaller (or larger) units. Some 
of the earliest work in this field is that of 
Eriksson-Quensel and Svedberg,?> who dem- 
onstrated a number of disaggregation reac- 
tions in hemocyanins. A more recent study 
with B-lactoglobulin,?®** is shown in figure 21. 
The normal molecular weight for this pro- 
tein is around 35,000. From the shape shown 
in figure 5, which is based on x-ray investiga- 
tions, one might not be too surprised to see 
that this molecule dissociates into 2 equal frag- 
ments at low pH. Furthermore, as figure 21 
shows, aggregation into units which have 
molecular weights of 70,000 may also oceur at 
low temperatures, although this is not as com- 
plete as the reaction of disaggregation. 

In general, disaggregation occurs at pl’ ‘ 
far from the isoelectric point, i.e., where 1 
protein acquires a substantial charge. Su’! 
behavior is characteristic of many other p! 
teins, for example, chymotrypsin®? and 
sulin,2® as well as of hemocyanin a! 
B-lactoglobulin. With insulin the electrostat « 


Circulation, Volume XXI, May 1 





PR TEIN MOLECULES IN SOLUTION 


numa 
o 


° ° 


30 


° 


45 


7 
faye] free aqueous M x10 


Figure 20 


Extent of binding of an azomercurial by serum albumin. The binding rises very sharply 
even at exceedingly small concentrations of mercurial, and levels off very sharply when 
combination with all available -SH groups has occurred. 


basis of the dissociation has been indicated by 
further experiments.*® In acid solution the 
unit of molecular weight near 36,000 dissoci- 
ates into particles which have a molecular 
weight of 12,000 when the charge reaches 
about +20 to +30 per trimer. In the presence 
of SCN~— ions, known to be bound to insulin in 
acl solution, lower pH’s must be attained to 
dissociate the trimer. Obviously, the bound 
ations reduce the internal electrostatic repul- 
sic in the insulin molecule and hence stabi- 
the trimer. These observations indicate 
many protein molecules are composed of 

ller units linked together by relatively 

ik bonds. The nature of these bonds has 


| not been established unequivocally. 


Intermacromolecular Interactions 
n addition to interacting with themselves, 
‘tein molecules of a given kind may form 
iplexes with other types of proteins or with 
er types of macromolecules, including poly- 
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saccharides and nucleic acids. One can dis- 
tinguish in these combinations 2 general cate- 
gories of complexes: (1) nonspecific, in which 
electrostatic factors usually predominate; (2) 
specific, in which distinctive structural factors 
are of major significance. As an example of 
each category, we shall cite protein—nucleic 
acid interactions. 

Interactions of proteins with nucleic acids 
are excellent examples of cases in which op- 
posite electrostatic charge is the primary con- 
dition for reaction. Precipitates are formed, 
for example, between nucleic acid and ly- 
sozyme, ovalbumin, serum albumin, fibrino- 
gen, casein, and actin, respectively ;3*** in all 
cases the protein is cationic, the nucleic acid, 
anionic. As we would expect for a complex 
held together primarily by electrostatic forces, 
small quantities of salt usually redissolve and 
dissociate the combination. Soluble complexes 
may also be formed.*?: *4 In all these cases, the 
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Figure 21 
Variations in molecular weight of B-lactoglobulin. Solid line correlates results at 25 C., 
broken line at 2 C. (Method of presentation taken from Tanford.?8) The “normal” molecu- 


lar weight of B-lactoglobulin at its isoelectric point (pH 5) and higher is 35,000. At low 
temperature and pH’s of 4 to 5, the molecules aggregate to dimers. At very low pH, the 


molecule breaks up into 2 subunits; compare with diagram in figure 5 which is based on 
x-ray data. 


wide spectrum of proteins with which nucleic 
acid complexes are formed shows the absence 
of any specificity in these combinations. Theo- 
retical calculations*®* also lead to the conclu- 
sion that electrostatic attraction can account 
quantitatively for the strength of association. 

In contrast to these nonspecific complexes, 
one may cite the highly specific complexes be- 
tween nucleic acid and protein which are ex- 
emplified in the viruses. These combinations 
lead to special supermolecular structures, 
with characteristic arrangements of constitu- 
ent macromolecules. A model for tobacco 
mosaic virus*® 36a, 36b jg shown in figure 22. 
This supermolecule, with a molecular weight 
of about 40,000,000, has an over-all shape of 
a long thin rod, 3,000 A in length and 170 A 
in width. It is composed of about 5 per cent 
ribonucleic acid and 95 per cent protein. The 
association, however, is hardly the random 


type found in the complexes described in the 
preceding paragraph. The nucleic acid seems 
to be a single strand winding its way through 
the rod in a helical fashion. In contrast, the 
protein component seems to be present in sub- 
units which have a molecular weight of about 
17,000. These subunits envelop the coiled 
strand of nucleie acid by winding around it 
also in a helical array. 

There are other rod-shaped viruses wit! 
structures similar to that of tobacco mosaiv 
virus. Many small viruses, however, are quit 
different in structure, being spherical in shap 
(for example, turnip yellow virus, fig. 5 
Again, interaction between nucleic acid a1 
protein leads to a very specific structure, bi 
with the nucleic acid in the core of the sphe1 
eal supermolecule anl protein subunits a) 
ranged symmetrically in an outer thick shel 
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Conclusion 

Thus, we see that a protein molecule in 
ution may undergo a host of interactions: 
h solvent, with small molecules and ions, 
h itself, with other macromolecules. In a 
vsiologie milieu, all of these possibilities 
sent themselves and will compete among 
mselves. Reasonable guesses as to which 
| be the dominant interactions can often 
made from behavior observed in some of 
simple systems which we have described. 
seems reasonable to expect that further 
dies of such interactions in artificial simple 
ironments may ultimately provide a firm 
is for relating the structure of macromole- 
‘s to their biologic activity. 
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Some Properties of Ionic and Nonionic 
Semipermeable Membranes 


By ALEXANDER Mauro, PH.D. 


Some fundamental properties of barriers are reviewed. The barrier of biologie signifi- 
cance is the plasma membrane. The role of the barrier in the transport of solvent and 
neutral solute species is discussed; 2 fundamental transport processes, namely, diffusion 
and mass flow are emphasized. The latter is shown to arise as the barrier offers increasing 
impedance to the movement of a given solute species; the barrier is then referred to as 
a semipermeable membrane, and the transport of the solvent as osmosis. The osmotic 
movement, undoubtedly one of the most important transport mechanisms in physiologic 
systems, is shown to arise from a gradient of hydrostatic pressure in the barrier. The 
need for the consideration of profiles of thermodynamic quantities is stressed. Finally, 
the third thermodynamic quantity, electrical potential, is introduced when ionic species 
are considered in the analysis of the “fixed charge” membrane. 


TENHE objective of physiologists dealing 
i with studies of transport across cell mem- 
branes is either to learn what can or cannot 
pass across the cell surface as one of the basic 
facts about the cell or, by such data, to obtain 
some idea about the structure of the mem- 
brane itself. It need hardly be emphasized that 
the main justification for interest in the 
structure of the membrane is the inextricable 
relationship between its structure and the 
mechanisms which operate at this level of the 
cell to bring about the transport of various 
species and the associated, higher-order phys- 
iologie aetivity or funetion, such as propa- 
gated activity and secretion. Unfortunately, 
although we would like to have a clear and 
definite picture of the membrane phase, our 
wwledge of its detailed structure has not 
anced too dramatically in recent years. 
‘th the advent of electron microscopy, the 
‘sma membrane is being visualized as a dark 

: or a double line of the order of 100 A in 

‘ myelin sheath, muscle fiber, red cell and 
teria. (We should have clearly in mind 

t many transport studies involve a com- 
ite cellular system, such as frog skin, blad- 
intestine, colon, capillary and nephron. 

s indeed difficult to decide which cells are 
ved here and, moreover, whether the sin- 
cell has a symmetric plasma membrane. 

is, if we desire to keep in mind a simple 
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cell geometry, it would be well to restrict our 
discussions to single cells of the type seen in 
muscle and nerve cells, red cells and bacteria. 
Furthermore, since we shall be concerned here 
with some fundamental physicochemical 
mechanisms associated with transport, the 
phenomena of pinocytosis and related topics 
will be excluded in our discussion.) It is al- 
most a general working hypothesis along the 
lines suggested by Danielli! years ago that the 
main skeleton of the plasma membrane is a 
lipoprotein, bimolecular complex that is either 
‘*eontinuous’’ or ‘‘discontinuous’’ (‘‘holes’’). 
In this bimolecular complex, with the hydro- 
philic groups extending inward to the cyto- 
plasm and outward to the extracellular fluid, 
many other molecular entities can be inter- 
spersed either radially or along the surface. 
It should be stated that to date, the main body 
of evidence for the ultrastructure of some 
plasma membranes has been acquired by 3 
methods of analysis other than electron mi- 
croscopy, i.e., polarization optics, x-ray 
diffraction and chemical degradation studies. 
Most of this work has been done on myelin* 


*If the Geren theory of myelin formation is cor- 
rect, then it must be granted that the myelin structure 
is a multilayered aggregate of plasma membrane. 
Thus, in the years to come, the combination of x-ray 
analysis and chemical studies of this system should 
supply the most detailed ‘‘atomistic’’ information 
about a plasma membrane that has been found by 
any preparation hitherto available. 





Distance X 
Figure 1 


The Gaussian curve showing chance of finding 
particle a distance x from starting point for a 
small and large number of executed steps N and N, 
respectively. 


and red cell ghosts, although it would be un- 
fortunate not to mention that a wealth of data 
has been derived from chemical analysis of 
bacterial systems. 

For our present purpose, let us proceed 
with the idea that this lipoprotein structure 
is close-packed and the interstices are filled 
with water. Those who visualize a predomi- 
nantly radially-ordered lipid skeleton will pic- 
ture considerable order in the membrane, and 
will be inclined toward the notion of ‘‘chan- 
nels’’ or ‘‘pores.’’ On the other hand, the 
combination of the lipid skeleton and other 
radially-aligned molecules covered with over- 
lying protein molecules, might conceivably 
give rise to the idea of a network or meshwork 
of molecules soaked, so to speak, in water. 
Whichever picture is preferred the plasma 
membrane, from this rather glib and simple 
description, can certainly be considered as 
some barrier to the movement of ionic and 
nonionic species. Indeed, it is precisely some 
of the phenomenologic properties which arise 
in systems acting as barriers that will concern 
us. 

We must now consider what fundamental 
physical mechanisms can be involved in the 
transport of various molecular species across 
the region of the membrane. The most funda- 
mental mechanism which warrants attention 
is, of course, diffusion. Since we must pres- 
ently consider an alternative mode of trans- 
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port, which for the present can be referr 
to as a nondiffusional process, an unambig 
ous description of the diffusion process 
warranted in order to emphasize the diff 
ence. Furthermore, by devoting some eff 
to a more explicit description of diffusi: 
the vexing and confusing problem of + 
meaning of ‘‘tracer fluxes,’’ ‘‘unidirection 
fluxes,’’ ‘‘influx,’’ ‘‘outflux’’ and ‘‘tw 
over rates’’ might be seen more clearly. 

The most basie kinematic description of 1 
diffusion process was given by Einstein? 
1905. This was extended by Smoluchowski 
1915 and most recently by Chandrasekhar 
1942.3 Einstein’s discovery indicated that 
a particle executes a ‘‘random walk,’’ th 
a group of similar particles, acting with: 
mutual interference, will distribute the 
selves in space and time according to the ba 
diffusion equation 


y Ao 
oc oo O-C x 
ot Ox? 
Thus, the diffusion equation is accounted for 


by an explicit description of the displacements 


of a single particle. Let us examine his argu- 
ments: in outline, a particle executes the 
‘‘random walk’’—in 1 dimension—if the a pri- 
ori probability of jumping a unit step in the 
forward or backward direction is equal. It is 
clear that this movement goes on for all time, 
subject to this condition of equal probability: 
The only question that can be asked further 
about the particle is the chance of finding it 
a certain distance in the positive or negative 
direction from the starting point after a tot: 
number of steps have been executed. It tur 
out that the function describing this probha- 
bility is the familiar Gaussian curve (fig. | 
It is important to see most clearly what 
implied by this function so far as the be- 
havior of the particle is concerned. The fw 
tion states that starting out at any point, t! 
chance of finding the particle a certain d’s- 








*In this equation, 
de 

ot 
D = constant. 

oe = the second derivative of concentration wit 
x respect to distance. 


= change in concentration per unit time. 
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nee on either side of the starting point is 
mmetrie and the chance ‘‘spreads’’ out the 
eater the number of steps executed by the 
| article. Notice this is the only basic descrip- 
m of the behavior of the particle that is 
ssible—it is probabilistic. One might say 
e particle will wander quite aimlessly on 
is ‘*Gaussian walk.’’ 
It is important to emphasize that thus 
r we have not introduced any ideas about 
e energetics involved in the jumping be- 
| wvior. This will be dealt with later. It is evi- 
‘nt that some physical mechanism exists to 
ipart energy to the particles and, thus, to 
«feet an average frequency of displacement. 
5 soon as we begin to consider a distribution 
of ‘*Gaussian’’ particles such that at any mo- 
ment we have a concentration of particles as 
a funetion of distance, then, as was shown by 
Kinstein in the paper cited previously,” the 
coneentration function will change with time, 
resulting in a relationship that is expressed 
hy the fundamental Fick equation, usually 
referred to as Fick’s Equation II 


2 


oc oe 
We can invoke another relation which is 
most fundamental since it expresses the law 
of conservation of matter, namely, the conti- 
huity equation, 
oe —_sés*S 
at ox? 
aud thus proceed from Fick’s Law II to the 
flux equation (Fick’s Law I) known by the 
fumiliar term of ‘‘Fick’s law’’ 
J = —D ll 
dx 
vhere J is the number of particles moving 
rough a unit area per unit time. 
\s we have stated above, Einstein indicated 
ithematically how Fick’s Law II springs 
turally from the movement of many Gaus- 
n particles. However, he also demonstrated 
‘ew years later* in an ‘‘elementary’’ lecture 
chemists—which he was urged to give by 
»f. Lorentz—how one could proceed directly 
m the Gaussian particle consideration to 
’ flux equation, namely, Fick’s Law I. Since 
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Figure 2 

A. Left. Sketch of the particles distributed with 
varying concentration. The 2 compartments of 
equal size are shown on either side of the point x. 
B. Right. Plot of the concentration of particles as 
a function of the distance x. The concentration at 
the center of each compartment is seen as ¢, and ¢o, 
i.e., the mean concentration. 


this points up most clearly the fundamental 
nature of the movements described by the 
phenomenologic flux equation, it is instruc- 
tive to reproduce his analysis with some inter- 
polations and comments. 

Before proceeding, we must be aware of an 
important property of the Gaussian particle: 
if the particle is observed repeatedly at con- 
stant intervals of time +, the arithmetic mean 
of the squares of the displacements, A?, is equal 
to 2D +r, where D is a constant equal to 4% nl’, 
n is the jumping frequency and / is the length 
of the unit step. Let us now choose a region 
at x in a distribution of particles (fig. 2A) 
whose concentration as a function of x is seen 
in figure 2B, and then confine our attention to 
2 rectangular compartments of equal size on 
either side of x as shown. The width of the 
elements are chosen to be \/A® em. The sides 
are unit area (1 cm.”). Each of the particles 
contained in either element will suffer an in- 
dividual displacement, so that a distribution 
of displacements in time 7 will result; the 
root mean square of this distribution is \/A°. 
Thus, it is clear that for the population of 
particles in each compartment, one half will 
suffer a displacement +\/A® and one half 
—\/*. These conditions are the direct conse- 
quence of the fact that the particles are sub- 
ject to the Gaussian probability function. 
Since the width of the compartments is 





A. Top. Plot of concentration that varies linearly 
with distance x. B. Bottom. Compartments showing 
total number of particles moving equally in both 
directions and the net number from left to right 
in the interval of time. 


small, it is reasonable to consider the concen- 
trations c, and c, at the center of each com- 
partment to be the mean concentrations in 
the respective compartments. Thus the num- 
ber of particles crossing to the right through 
the unit area at z is 


VY e, \/2 
Yh Ce Va. 


The net number is then 

dN = % V/A? (¢1 — ¢e). 
Since this transfer occurred in a time 7, we 
have the number of particles per unit time, 
i.e., the flux is 


aN _ ,, VE 


—-¥&% 
dt fe 


and to the left 


(cy — C2), 
r 


also we note that 
de = (e@; — @e) 


dx Vx 


Thus, 
aN 


cats nee ; (¢1 — ¢2) = -(%=)<. 
dt ies VA r dx 


. 

If we were to consider smaller and smaller 

intervals of time, remembering that the term 
A? 


14 —— is a constant, namely, D we then have 
- T 


dN de 

— om E> 

dt dx’ 
the familiar Fick’s Equation I. D is known 
as the ‘‘diffusion coefficient’’ of the particle. 
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It is instructive to apply this treatment t 
a distribution of particles whose concentra 
tion varies linearly with distance x. The width 
of the compartments corresponds to a certain 
interval of time. The number of particles ii 
each compartment satisfies the condition of ; 
linear concentration profile. As explained 
previously, particles in each compartment wil! 
move out in both directions, namely, one hal 
to the left and one half to the right. The nei 
transfer between each compartment is seen to 
be constant and proceeds from regions of hig! 
to regions of low concentration. 

This analysis enables us to grasp the essenc 
of the mode of movement.of individual par 
ticles involved in the process of diffusion 
Moreover, we are now in a position to defin: 
a nondiffusional process: any movement 0! 
particles that involves a component that is 
nonrandom is thus to be classed as nondiffu 
sional. The pure case, of course, comes to mind 
in Poiseuille flow, where the gradient of the 
pressure is associated with laminar flow of 
particles. The degree of rectilinear flow can, 
of course, vary so that groups of particles can 
move along nonrectilinear paths and thus be 


‘classed as nonlaminar or turbulent flow. 


In general, if a solute is present at a given 
concentration difference, a diffusion flow of 
the solute will obtain; concurrently, a diffu 
sion flow of the solvent species will take place 
in the opposite direction, with a diffusion ¢o- 
efficient equal to that of the solute species. I} 
the solute-solvent diffusion is allowed to take 
place across a very coarse barrier, ¢.g., a sil 
tered glass filter, the only effect of such a 
barrier is to reduce the available cross-sec 
tional area for diffusion. 

Thus far in our discussion the barrier has 
not given rise to any unusual effects worth) 
of special consideration. However, if the bai 
rier should be modified so that the barrier r« 
gion begins to offer an impediment to th 
movement of particles, then a marked increas 
in the movement of solvent into the solutio: 
phase will occur. The maximum flow of so! 
vent occurs when conditions of infinite im 
pedance to the movement of solute particle 
through the barrier are attained ; at this poin 
the barrier is usually characterized as a sem) 
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rmeable membrane, namely, impermeable to 
ie solute but permeable to the solvent. This 
arked movement of water has been known 
biologists for several centuries and has 
en referred to as osmosis. It is undoubtedly 
ie of the most important effects associated 
ith semipermeability. The question is how 
nould we look upon this phenomenon, i.e., 
hat causes the movement of water—is it a 
iffusional or a nondiffusional process? It is 
ateresting that both points of view prevail 
mong both physiologists and physical chem- 
sts. Since several important points are in- 
olved here with regard to the general subject 
f semipermeable membranes, it is worthwhile 
o discuss the matter in some detail. 
If a collodion membrane is arranged be- 
ween 2 compartments and means are pro- 
ided via a capillary tube for viewing the 
novement of water across the membrane, it is 
observed that the relationship between the 
rate of movement of water and the log of the 
mole fraction of water in 1 of the compart- 
ients—the other being pure solvent—is linear. 
The movement of solvent is seen to occur from 
the pure solvent to the solution. It is impor- 
tant to emphasize that the collodion barrier 
is absolutely impermeable to the solute species 
used to establish the mole fraction of the sol- 
vent. If, for a given mole fraction, hydrostatic 
pressure (in excess of the atmospheric pres- 
sure present in both phases) of sufficient mag- 
nitude to bring the rate of water movement 
to zero is applied to the solution, it is found 
that the magnitude of this pressure is equal 


o the quantity (RT/V) InN,,,o Where R is the 


ras constant, T is the temperature in degrees 


Kelvin, V is the partial molar volume of 
vater and N,,,, is the mole fraction of water. 


"his quantity is known as the ‘‘osmotic pres- 

ure’’ of the solution.* In dilute solution in 

hich the N,, , is close to unity, the expres- 
2 


ion reduces to its equivalent, RTc, where c 
s the concentration of the solute species. Re- 





“Two other parameters related to the ‘‘ osmotic 
ressure’’ are ‘‘lowering of vapor pressure’’ and 
lowering of freezing point.’’ All 3 are related to 
ie mole fraction of the solvent. 
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peating the above procedure at a different 
value of N,,, establishes the fact that the 
pressure necessary to reduce the flow of water 
to zero is always equal to RTc over a wide 
range of dilute solutions. The equivalence of 
the mole fraction term, i.e., the ‘‘osmotie pres- 
sure’’ of the solution, to the hydrostatic pres- 
sure is expressed by the familiar equation: 
dn 


TOT K (aP-RTe) 


dn . intl 
where 7 is the flow of water per unit time 


leaving the solution, K is a constant of pro- 
portionality, and AP is the excess hydrostatic 
pressure in the solution with respect to pure 
solvent. 

The immediate question then arises: what 
is the nature of the constant K? This is an- 
other way of asking about the nature of the 
movement of the solvent across the membrane 
when it is acted upon either by a hydrostatic 
pressure or by a difference in the mole frac- 
tions of the solvent across the membrane. The 
most direet way of establishing whether XK is 
a diffusion-permeability coefficient for the bar- 
rier under investigation is to apply the more 
fundamental form of the diffusion equation ; 
as indicated by the theory of irreversible 
thermodynamics, this equation should be ex- 
pressed in terms of the gradient of the chem- 
ical potential,® ® namely, 

dn DA _ dz 

dt RT ° dx - 
where D is the diffusion coefficient of the sol- 
vent, A the area of the available ‘‘pores,’’ c 
the concentration, and _,» the chemical poten- 
tial. We shall make the reasonable assumption 
that the membrane is ‘‘uniform’’ and thus 
that the applied AP gives rise to.a linear gra- 
dient, namely AP/ Ax is a constant. Remem- 
bering that only pure solvent is present in 
the membrane, the chemical potential is sim- 
ply a function of pressure, thus, 


Ap = VaP anaA# = TA 
Ax 
and finally, 
dn _.DA ~AP_ 1 DA ap 


cV — 


Seo 2 eee = (2) 
dt RT Ax RT Ax 
since eV = 1. The diffusion permeability co- 
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Table 1 


Flux in moles/sec. per dyne/cm.? 








Ratio 
Diffusion Total observed diffusion 
Membrane flux‘ flux /total 
12x10" 38X10" 1/730 
5.6 X 107" 3.1X 10" 1/55 
Luxe 3.9X10™ 1/36 





Group I 
Group IT 
Group III 





efficient DA/Ax ean be evaluated by perform- 
ing a tracer experiment with H.O'* subject 
to the familiar form of Fick’s equation, 


namely, 
dn = Ob. .) 
dt H,0'S — Ax ; H,0'°" 


By sampling the 2 compartments at suitable 
intervals of time and by using the mass spec- 
trometer to determine the concentrations of 
H,.O'* present, the integrated form of the 
above equation (see *) can be invoked to cal- 
culate DA/Ax of the membrane. Having estab- 
lished this parameter, we can then estimate 
the flow of water which moves by diffusion 
across the barrier when a pressure is applied 
by means of equation (2). Data of this 
kind’ ® are seen in table 1 for 3 groups of 
collodion membranes (see also fig. 4). The 
membranes are essentially of the same thick- 
ness but have acquired different ‘‘pore’’ sizes 
for aqueous flow by suitably modifying the 
procedure used to prepare the membranes. 
The first fact shown by the data is that, in 
all 3 groups, the diffusion component, due to 
a gradient of chemical potential resulting 
from the pressure gradient, is small with re- 
spect to the total flux; therefore, the flow of 
solvent must have the character of a nondif- 
fusional flow. Many authors®!* have consid- 
ered that the flow obeys Poisenille’s law, and 
have imagined the barrier to consist of uni- 
form cylindrical pores. These authors have 
then proceeded, using comparable data ob- 
tained on biologic cells,* to calculate an aver- 
age ‘‘pore’’ diameter. The second fact is the 
convergence of the nondiffusional and diffu- 





*In biologic studies, the movement of water is 
usually induced by osmosis since it is virtually im- 
possible in many cases to apply a AP across the 
cell surface, 
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cc. per minute 


Centimeters Hg 
Figure 4 

Relationship between flow and hydrostatic pre 
sure for 3 groups of membranes. Note flux i 
ce./min. per cm. Hg can be converted to moles/se:. 
per dyne/cm.? by multiplying by .7 X 10-7. (Ri 
published by permission of the Journal of Gen- 
eral Physiology.’ ) 
sional component when ‘‘coarse’’ membranes 
are compared (group I) with the ‘‘tight’’ 
membranes (group III). The pertinent data 
appear in column 4 of table 1. This con- 
vergence supports the concept of Poiseuille 
flow through pores,* but some reservations 
should be held about the validity of using the 
Poiseuille conductance for flow in ‘‘pores”’ of 
very small dimensions. 

At this point, it is pertinent to consider 
osmotic flow once again, i.e., the flow asso- 
ciated with the presence of an impermeant 
solute which serves to establish the mole frac- 
tion of the solvent at less than unity. Since 
the previously described ‘‘osmometer’’ experi 
ment has demonstrated that the mole fraction 
term, i.e., the ‘‘osmotie pressure’’ is exact] 
equivalent to the hydrostatic pressure, it fo 
lows that the mode of transport of water dur- 
ing osmosis and during the application of 
pressure must be identical. Consequently, ou 
previous discussion indicates that this flo: 
must be nondiffusional. A further consider: 
tion of this matter will now be used to cas 
some light on the origin of osmotic flow an 
to stress the general importance of conside! 
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Solution 


Steady State 


Solute conc. 


Equilibrium 


Solute conc. 


Membrane 


Pure Sotvent 


—_ AXK—_——> 


Figure 5 
A. Top. Profile of solute concentration, chemical potential of solvent and hydrostatic 
pressure for the steady state. B. Bottom. Profile of the same system for the condition of 
equilibrium brought about by applying AP to the solution. 


ing the ‘‘profile’’ of thermodynamic quanti- 
ties within barriers. 
With the aid of figure 5, we can see the 
‘rofile of the chemical potential of the solvent 
1 the solution phase. Note that the decre- 
ient in chemical potential Aw is equal to 
‘TInN ,,, Where a value of No different 
rom unity has been established by the pres- 
nee of the absolutely impermeant solute. It 
apparent from a consideration of the inter- 
ice between the solution and the barrier that 
ist inside the barrier, where there is only 
ure solvent, the continuity of the chemical 
tential function can only be satisfied by 
10ther component of the chemical potential, 
bie VAP. Thus, on the solution side of the 
‘terface the decrement in chemical potential 


RTINWN,, , and, in the barrier, —VaP. 
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It follows, then, that a drop of pressure, —AP, 
must exist at the interface of the barrier and 
the solution, and thus serves to act as the 
‘‘driving force’’ for the osmotic flow. The 
pressure profile which results is seen in figure 
5A. Note that the condition of thermody- 
namie equilibrium is attainéd when a hydro- 
static pressure, AP, which is clearly 


(RT/V)InN,, , 


is applied to the solution. Such a maneuver 
is actually carried out with the osmometer to 
establish the thermodynamic parameter of the 


solution, (RT/V)InN —— which for dilute so- 


lutions reduces to its equivalent RTc. The 
profile of chemical potential for the conditions 
of equilibrium is seen in figure 5B. 

The argument pursued here is essentially 
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similar to that advanced by Garby in 1957%% 
and might be classed as a thermodynamic ap- 
proach. Unfortunately, there is lacking at 
present an explicit kinetic theory which ex- 
plains the origin of the pressure drop, and 
thus the osmotie flow. Incidentally, the ex- 
plicit treatment of the pressure profile in a 
barrier seems to have been carried out for the 
first time by Schlégl in 1955" in an attempt 
to explain the origin of anomalous positive 
and negative osmosis in ionic membranes. We 
shall not pursue this matter further except 
to emphasize the importance of recognizing, 
in general, the existence of the hydrostatic 
pressure throughout the membrane phase, 
especially for the understanding of ordinary 
osmosis. 

To underline the role of the pressure gradi- 
ent which arises for the condition of absolute 
semipermeability, it is instructive to deal with 
the case when 2 solutions are present, one con- 
taining an absolutely impermeant species and 
the other a permeant species. 

However, before proceeding, it should be 
stated that if the ‘‘osmometer’’ experiment 
were performed with a ‘‘leaky”’ solute, the 
effect observed with a given RTe would be less 
than the corresponding AP. This is the other 
striking property of the osmotic mechanism 
which can be succinctly expressed by writing 
the osmometer equation given above in its 
more general form, 


oa, - ‘ 
_— K (AE — oRTe) 


where o is a constant—referred to by Staver- 
man! as the ‘‘reflection coefficient’’—that 
takes on a value approaching zero for very 
permeant species and unity for absolutely 
impermeant species. 

With this in mind we can now consider the 
behavior of the case in which 2 solutions inter- 
act with a given barrier. It is clear that the 
permeant species gives rise to a negligible 
pressure drop. Thus, within the barrier, the 
gradient of pressure which is due to the 
presence of the impermeant species in the 
other solution is a ‘‘driving foree’’ common 
to all species in the membrane. This common 
‘‘driving force’’ imparts a mass flow to both 
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solvent and permeant solute. Simple and ele 
gant experiments demonstrating this effec 
have been conducted by Meschia and Set 
nikar?® on a collodion membrane which ha 
the characteristics of group I cited previous; 
Unawareness of the pressure drop in the bai 
rier would prompt one to predict that soh 
tions of identical mole fraction, e.g., dextra 
vs. urea, would give rise to zero movement ¢ 
water, especially if the customary use of tl 
chemical potential of the solvent in eith 
phase is used in a ‘‘discontinuous’’ treatmen 
of the barrier. Although this matter will nc 
be pursued in detail, it will suffice to stat 
that a ‘‘discontinuous”’ treatment of a barricr 
must be a ‘‘complete’’ treatment involvin : 
chemical potentials of all species, as carrie:| 
out by Kedem and Katchalsky.'* Otherwis:, 
an attempt can be made at a ‘‘continuous’’ ap)- 
proach such as we have outlined above in 
order to establish the thermodynamic profiles 
within the barrier and thus to predict the 
movement of the various species. 

Thus far in our discussion we have been 
dealing with the characteristics of semiper- 


_meable barriers that arise primarily because 


thermeshwork or network of ‘‘porous’’ ma- 
terial constituting the membrane presents a 
simple mechanical hindrance to the solute 
species. However, it is possible to observe a 
broad class of membrane activity which gives 
rise to selective ionic permeability and elee- 
tromotive forces in addition to osmotic effects 
without involving direct mecnanical blocking 
of ionic movements. The kernel of this new 
mechanism is the Donnan effect. The most 
direct way to appreciate this mechanism is to 
imagine a gel made up of macroions, such as 
protein or other polyelectrolyte, and, of 
course, of appropriate mobile ions of the same 
sign (‘‘eoions’’) and of opposite sign (‘‘coun- 
terions’’). If the gel block is arranged to 
separate 2 solutions containing coions an! 
counterions at the same concentration, tl 

gel phase and the 2 solutions will enter into 

‘‘symmetric’’ Donnan equilibrium. One of th 

important consequences of this state is th: 

ions of the same sign as the macroions ar: 
present at low concentration approachin ' 
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-snishingly small magnitude as the concen- 
ation of macroions is increased. Without 
tering into a detailed thermodynamic treat- 
mnt of the Donnan system, it will suffice 
state that all mobile ions tend to be dis- 
ibuted so that the total chemical potential 
each species is a constant over the entire 
metry. Disregarding for the moment the 
le of the pressure component of the chemical 
‘tential, we must now consider another im- 
rtant component, the electrical potential. 
‘nalysis indicates that an electrical potential 
iriation or profile must exist throughout the 
interface of the gel and the solution arising 
om a statistical diffuse ‘‘double layer.’’!® In 
ict, it is the interplay of this profile of elec- 
rical energy and the concentration component 
of the chemical potential that brings about the 
equilibrium condition. If the solutions have 
different concentrations, the state now is 
‘“‘asymmetric,’’ that is, the 2 gel-solution inter- 
face regions remain very close to the Donnan 
equilibrium, but throughout the gel a diffusion 
regime of ions is established. (Profiles of po- 
tential and concentration can be seen in fig- 
ures 6 and 7; these profiles were! obtained 
from a realistic model.) If the macroion con- 
centration is very large with respect to the 
ions in either solution, the ‘‘tilt’’ of the con- 
centration profile throughout the gel is mini- 
inal, and thus diffusion is minimal. The gel in 
this ease is referred to as being semipermeable 
‘0 the electrolyte, but selectively permeable to 
ihe counterions present in the gel. If the poly- 
lectrolyte is associated with a 3-dimensional 
etwork of polymers to which ionogenic 
roups are attached by chemical forces, this 
iatrix as a whole will display exactly the 
ame properties as the gel and is referred to 
S an ionic membrane, or, to emphasize the 
umobility of the ionogenic groups, as a fixed- 
harge membrane. The theory of such a bar- 
ier as we have outlined is contained in the 
apers of Teorell?® and Meyer and Sievers. 
‘he more complete treatment which takes into 
ccount the role of pressure profiles as well as 
ie concentration and the potential has been 
arried out by Schlégl.‘* It should be em- 
‘hasized that by increasing the density of 
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“NEGATIVELY CHARGED MEMBRANE 
(POLYSTYRENE SULPHONIG ACID) 
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Figure 6 
Model of ionic membrane constructed by use of 
multicompartment cell. Polystyrene sulfonic acid 
provides negatively charged macroions. The pro- 
files of concentration and potential are seen 
throughout the “membrane.” (Republished by per- 
mission of the Journal of General Physiology.’ ) 


cross-linking, the matrix will eventually dis- 
play, in combination with the Donnan effect, 
the properties of mechanical hindrance to sol- 
ute species, suggesting to many investigators 
the concepts of ‘‘pores’’ and ‘‘channels.’’ 
This brief treatment of some properties of 
‘‘inert’’ membranes, both ionic and nonionic, 
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“POSITIVELY CHARGED MEMBRANE 
(GELATIN ) 
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Figure 7 
Model of positively charged membrane using gela- 
tin to provide positive macroion. (Republished by 
permission of the Journal of General Physiolo- 
gu."?) 


should serve to illustrate the interrelationship 
between various physical chemical parameters 
in relatively simple systems and perhaps to 
shed, though feebly, some light on the cauld- 
ron of activity in physiologic membranes. 
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Discussion 


Dr. Wheeler: I should like to ask Dr. Klotz, 

relation to the binding of substantial 
nounts of water by protein, whether con- 
lerable quantities of protein in solution 
ay, in effect, by removing water from solu- 
mn, inerease the relative activity of other 
mstituents in the solution? 

Dr. Klotz: I think that seems like a reason- 

ile proposal. A similar thing happens even 

highly concentrated solutions of electro- 
tes. 

Chairman Snuth: Dr. Klotz, would you call 
‘hat ‘‘bound’’ water ? 

Dr. Klotz: You ean call it what you like. 

Bound water’’ is a name, but not a defini- 
‘ion of what you are measuring. You will get 
different answers from different people I am 
sure, 

Chairman Smith: ‘‘ Bound water’’ is an his- 
torical enigma of biochemistry and biology. 

[ should like to cast back in history, for 
just a moment, on the question of the nature 
of semipermeable membranes in Dr. Mauro’s 
presentation. You remember, the way in which 
feffer made his osmometer was to diffuse 
ferrocyanide and copper salts through the 
porous wall of an unglazed earthen pot, in 
order to precipitate a membrane of copper 
lerrocyanide in the wall. This membrane was 
relatively thin. Osmometers as later prepared 
iy Morse and his colleagues at Hopkins, when 

sed with sucrose, withstood an osmotic pres- 
ure of 12 atmospheres (176 pounds per 
juare inch) for 60 days, without leaking de- 
table quantities of sucrose and without 
ndergoing detectable diminution in osmotic 
‘ressure. The osmometers prepared by Lord 
serkeley and his colleagues supported pres- 
ures up to 250 atmospheres (3,575 pounds 
er square inch) for shorter periods. To my 
ind, this is close enough to an ideal mem- 
rane, in a sense, to do business. 

But with respect to the nature of the mem- 

rane and the theory of ‘‘random walking,”’ 
ie Abbé Nollet’s membrane of pig bladder 
‘as permeable to water, but, paradoxically, 
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not to alcohol which is more volatile than 
water. Some animal membranes, if first soaked 
in water, are permeable to ether but not to - 
water, although presumably wet by water. 

Water, but not salt, can osmose through a 
thin slab of marble. A rubber membrane is 
permeable to pyridine but not to water or 
sucrose, both of which are quite soluble in 
pyridine. A good copper ferrocyanide mem- 
brane is impermeable to sucrose, potassium 
chloride, and lithium chloride, but quite per- 
meable to ethylamine hydrochloride and rela- 
tively permeable to sucrose. 

When Einstein proposed a_ probabilistic 
treatment in terms of what has been called a 
‘‘random walk,’’ he erected, did he not, Dr. 
Mauro, a postulate? In the examples that I 
have cited, we have a series of paradoxes, pre- 
sented by relatively simple semipermeable 
membranes, not as complicated as the plasma 
membrane. I wonder if Dr. Mauro would care 
to comment upon the paradoxes presented by 
the membranes which I have mentioned, and 
give us something that is molecularistic as 
well as probabilistic, specifically, how ‘‘ran- 
dom walk’’ occurs across membranes with 
highly selective permeability. 

Dr. Mauro: I am a little confused about the 
question, Dr. Smith. 

Chairman Smith: I think I am asking how 
far the notion of ‘‘random walk’’ can be 
useful in describing the relatively simple 
membranes that I mentioned. 

Dr. Mauro: A way that one can answer this 
question is simply to state: the general con- 
dition that has to be established in order to 
predict how a given species will get across 
the barrier is to establish the thermodynamic 
gradients that are present. In the simplest 
types of membrane—in those that I discussed, 
the collodion membranes—we found that the 
movement involves only 1 species, the solvent, 
i.e., water. There is no question about this. 
The movement cannot be predicted, nor can 
it be accounted for by ‘‘random walk,’’ that 
is, by a diffusion process. Therefore, one must 
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conclude that it is some other process, namely, 
a nondiffusional one. 

As we pursued the matter further, we be- 
came convinced, on thermodynamic grounds, 
that there must be a pressure drop in the 
barrier ; consequently, within the barrier the 
thermodynamic driving force is the gradient 
of pressure which operates on the solvent 
molecules to drive them across. If the barrier 
is very, very tight, getting into the highly 
‘‘ordered’’ region at which Dr. Podolsky 
hinted, namely, so-called ‘‘pores’’ that are 
probably 1 or 2 water molecules in diameter, 
the only possible way that water could move 
across would be by a diffusion process. 

Chairman Smith: For the clarification of 
some of us, historically, van’t Hoff began with 
a difference in vapor pressure, and I think 
historically we can ignore the fact that vapor 
pressure is defined relative to the vapor phase. 
The meaning of the term is clear, whether or 
not we are dealing with a semipermeable mem- 
brane. You switched this morning to Willard 
Gibbs’ chemical potential. Is anything gained 


thereby or is there anything significantly dif- 
ferent? 


Dr. Mauro: Yes, there is, Dr. Smith. The 
chemical potential is a much more basic pa- 
rameter. For one thing, it is much more basic 
from the point of view of the general theory 
of thermodynamics and from the point of 
view of any kind of statistical mechanical 
calculation which you do on a real system. 
The chemical potential describes the system 
more basically from the energy point of view. 
Vapor pressure is one of the consequences of 
differences in chemical potentials, so to speak. 

Dr. Podolsky: Could I just add something 
to Dr. Mauro’s remarks? You can’t very well 
speak of vapor pressure of crystalline sodium 
chloride, or even of sodium chloride in water. 
I think that this deficiency is a clear demon- 
stration of where chemical potential might 
be more useful. 

Chairman Smith: It was so spoken of his- 
torically when the colligative properties of 
freezing point and vapor pressure were in- 
troduced. 

Dr. Podolsky: Well, speaking of theft, as 
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you did before, that practice is one order o 
magnitude greater. (Laughter) 

Chairman Smith: You have answered m 
question. I think Dr. Mauro also abandoned- 
correct me on this if I am wrong—the conce} 
of diffusion per se, even in the ferrocyanid 
membrane, in favor of Poiseuille flow. Am 
correct ? 

Dr. Podolsky: Oh, no, I wouldn’t say si 

Chairman Smith: If I am wrong, pleas 
correct me. 

Dr. Mauro: I do not know what the hy 
draulic conductivities of the ferroecyanid 
membranes are. I should like to point ou 
that as the membranes become very, ver 
‘‘tight,’’ then it is a rather academic questio 
to argue whether the water is moving across 
on molecular-molecular basis, by a Poiseuill 
flow, or by a ‘‘random walk’’ process. 

However, in a relatively ‘‘coarse’’ mem 
brane, such as those with which we dealt 
experimentally and from which the data that 
you saw on the screen were obtained, the non- 
diffusional flow is clear-cut. Even in group 
III, for example, in which those barriers be- 
gin to get rather tight, as indicated by the 


‘fact that they show osmotic effects of about 


20 per cent for a glucose solution, the diffu- 
sional component has been calculated to be 
rather small. If you had a so-called soli 
membrane, the type that Laidler and Shuler 
thought they were analyzing, the difference 
in the vapor pressure or in the chemical po 
tential would be related simply to the flux 
through some kind of diffusion coefficient for 
the barrier. In general, for an absolutely in- 
permeant solute, the movement of water is 
proportional to the chemical potential diffe: 
ence or to the vapor-pressure difference ; how 
ever, the rate at which water moves across |- 
such that the nature of the proportionalit) 
coefficient is not a diffusion coefficient. I trie 
to point out that there is something quit 
different here which is really the essence 0 
the osmotic mechanism: a gradient of pressur 
develops within the barrier which drives th: 
water across. 

The other way to emphasize the importance: 
of this pressure is to point out that if you 


Circulation, Volume XXI, May 196 





DISCUSSION 


bathe that same barrier with 2 solutions of 
identical vapor pressure, that is, of the same 
mole fraction, depending upon whether the 
vapor-pressure lowering is brought about with 
an impermeant species or a permeant species, 
vou get entirely different movements of water 
across the barrier. The most dramatic way to 
see this in the same simple membrane is to 
carry out an experiment with a given con- 
centration of dextran and the same concen- 
tration of urea. If you do such an experiment, 
you find that the urea solution moves across 
at a rapid rate, quite oblivious to the fact 
that its mole fraction is identical with that of 
the dextran. 

In such experiments, epitomized by the 
very elegant and simple experiments of Drs. 
Meschia and Setnikar, the difference in the 
vapor pressure across the barrier—vapor pres- 
sure or any of the other colligative properties 
-will not tell you unambiguously what 
happens to the movement from 1 compartment 
to the other. You have to analyze the prob- 
lem. You have to dissect the membrane, if 
you want to use this ‘‘continuous’’ thermo- 
dynamic figure that I used (rather crudely, 
I admit). If you want to be more formal, 
the so-called ‘‘discontinuous’’ treatment can 
be used as pioneered by Staverman and by 
Kedem and Katchalsky in their paper in the 
Biochimica et Biophysica Acta. Their paper 
is certainly a very impressive first attempt; 
although there are several points that one 
might criticize, they do show that in order to 
predict the general movement of either solute 
or solvent across the barrier, you have to in- 
voke the general chemical potential equation, 
and the so-called ‘‘irreversible’’ thermody- 
namie theory of Onsager. Here again we see 
that the permeant species does not exert the 
full osmotie effect. 

Chairman Smith: Granted, you have to 
know your semipermeable membrane before 
you talk about it, but, knowing that your 
semipermeable membrane is permeable to 
urea, I would come back again to the challenge 
of whether you gain anything in terms of 
chemical potential as compared with the elassi- 
cal treatment. 
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Dr. Berliner: I just want to know if Dr. 
Mauro would like to place biological mem- 
branes in the spectrum of membranes of vari- 
ous hydraulic conductivities about which he 
spoke. 

Dr. Mauro: I think, Dr. Berliner, as you 
know, that there are some relevant data. I 
should have mentioned that, over the last 7 or 
8 years many physiologists have been perform- 
ing the same calculations as those which I tried 
to outline on the collodion membrane. Dr. 
Pappenheimer and Dr. Ussing, as a matter of 
fact, have pioneered this type of analysis; Dr. 
Nevis has also done it on lobster and squid 
axons. Incidentally, it is quite universal in 
most biologic systems that one brings about 
the osmotic flow, the Poiseuille flow or quasi- 
Poiseuille flow, not by applying pressure 
across the plasma membrane—because that is 
rather difficult to do in many eases except, 
perhaps, the frog’s skin or the gastric mucosa 
—but by the osmotic effect; namely, by using 
a solute that can’t get across to perturb the 
plasma membrane osmotically. Tn such an 
experiment you find, with rare exception, as 
perhaps in the trout egg, that the hydraulic 
conductivity is always greater, i.e., the hydro- 
dynamic permeability or the osmotic per- 
meability is always greater than the diffusion 
permeability. Therefore, in most cells, the os- 
motic flow is predominantly a nondiffusional 
flow. 

Chairman Smith: Consider something ‘‘sim- 
ple’’ like the plasma membrane and work 
backward, as Ostwald said, seeking a knowl- 
edge of the basic nature of the pure liquid. 
Would you consider, Dr. Mauro, Dr. Podolsky, 
Dr. Klotz, that the plasma membrane in any 
of its parts should be treated in terms of the 
semisolid state? 

Dr. Mauro: I’m sorry, Dr. Smith, that I 
didn’t emphasize this aspect in my introduc- 
tory remarks. There is no question but that 
the plasma membrane should be looked upon 
in terms of Dr. Podolsky’s notion, as highly 
‘‘ordered’’ structure, so that movements of 
molecules and ions are not just going across 
broad spaces of water. They simply have to 
fit into an ordered system. We will probably 
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know more about this in years to come, when 
we learn more about the actual structure of 
the plasma membrane. 

As I indicated, the most promising line of 
attack seems to be the x-ray and diffraction 
studies, such as are being carried out on mye- 
lin by Dr. Finian in England. The myelin 
sheath appears to be a multilayered mem- 
brane of the Schwann cell. Aside from an in- 
tellectual attack, where one tries to predict 
microscopic data from macroscopic observa- 
tions, x-ray diffraction is the only way to get 
at the problem of securing ultra-structural 
information. If we continue this type of 
study on the myelin sheath, we will probably 
learn something about the real ultra-ultra 
structure of the plasma membrane and just 
how highly ordered it really is. 

Chairman Smith: Well, gentlemen, our time 
is up. I will close by telling a story, and I 
hope Dr. Szent-Gyorgyi is here while I tell it. 
Dr. Otto Loewi’s office is across the hall from 
mine. One day he stopped me and put his arm 
around my shoulder and said, ‘‘ Homer, it’s 
all in the plasma membrane, it’s all in the 
plasma membrane.’’ I said, ‘‘Yes?’’ He said, 
‘* What is all this stuff inside the cell for any- 
way? I’ll tell you a story. Dr. Szent-Gyorgyi 
was speaking at a Woods Hole seminar and 
he repeatedly referred to the plasma mem- 
brane, and some courageous soul in the audi- 
ence held up his hand and said, ‘But, Dr. 
Szent-Gyorgyi, would you define the plasma 
membrane for us, or draw a picture on the 
board or tell us what its structure is?’ Dr. 
Szent-Gyorgyi paused and thought a moment 
and said, ‘No, the plasma membrane is like 
God. Everybody talks about it but nobody has 
seen it.’’’ (Laughter) 

I hope, 10 years from now, we will know 
something of the ultra-ultra structure of the 
plasma membrane. 


Dr. Mauro: May I make a comment on that, 
Dr. Smith? I think I must class you in that 
group of physiologists whom, you remember, 
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I mentioned at the beginning of my talk as 
those I was trying to discourage. 

I simply want to say that it is quite true 
that many of the phenomena of physiology 
are being rather glibly ascribed to the so-called 
plasma membrane. It would really be ver, 
unfortunate if we went away thinking that 
there are many phenomena in cellular physi 
ology that have to be associated solely wit] 
the membrane. 

My main line of interest in the plasma 
membrane is in connection with excitable tis 
sue. I can assure you that in excitable tissu 
there is a wealth of data to convince you 
without having any kind “of sophistication 
that this membrane constitutes an organize 
stratum. For example, if you simply put : 
big ‘‘sewer pipe’’ electrode in the squid axon 
you can move it around with impunity insid 
the axoplasm for about 300 or 400 or 500 pas 
long as you do not scrape the inner surface 
once you do, you can go out for a swim for 
the rest of the day because the axon is 
‘‘vone.’’ There is no question that there is a 
highly organized structure at the surface 
While it is quite true that we don’t know too 
much about this structure, there is no doubt 
that it is some kind of ordered lipoprotein 
system such as that which we know from the 
studies on the red cell ghost and the myelin 
sheath. 

I think that the skeptical point of view has 
even crept into the electrophysiological litera- 
ture where, within the last 5 years, there has 
been a rather charming kind of supercritical 
remark about the plasma membrane in excit- 
able cells. This has taken the form of ‘‘ Well, 
it’s simply an interface phenomenon or sim 
ply a line of discontinuity between axoplasm 
or cytoplasm and extracellular fluid.’’ This 
would be quite wrong and quite incorrect. 

Chairman Smith: Dr. Mauro, I assure you 
that even if you put it in quotes, I still believe 
in the plasma membrane. Now, gentlemen, w: 
are a little over our time and we must adjourn. 





II. INTRARENAL SITES OF SALT AND 
WATER EXCHANGE 


Chairman: Robert F. Pitts, Ph.D., M.D. 


INTRODUCTION 


By Rosert F. Pirrs, Pu.D., M.D. 


In all vertebrates except, perhaps, the ma- 
ine fishes and birds, total body content and 

concentration of salt and water are regulated 
primarily by the kidneys. Precision of regula- 
‘ion and the ability to meet the stresses of dep- 
rivation or of gross excess of intake are de- 
vendent on osmoreceptor—antidiuretice —hor- 
uone and volume receptor—adrenocortical 
mechanisms of control. Our topic this after- 
noon is ‘‘Intrarenal Sites and Mechanisms of 
Salt and Water Exchange.’’ Extrarenal regu- 
latory mechanisms will be considered tomor- 
row. 

Over the past 30 years or more, an extensive 
body of knowledge has accumulated describing 
ihe gross over-all operation of these renal 
mechanisms. We are at present entering an 
xciting phase of increasing understanding of 
he renal processes at a cellular level. The 
oundation for this understanding was laid 

early 30 years ago, by Dr. A. N. Richards 

nd his associates in their pioneering studies 
‘ith micropuncture technics on the amphibi- 
n, and later, on the mammalian kidney. 

Further development of knowledge and the 
‘sting of hypotheses on intact animals and 
ian depended in major part on the clearance 
ethods and concepts developed largely by 
‘ry. Homer Smith. And yet, despite a mass of 
eseriptive information, there has been no 
ry satisfactory understanding of mecha- 
isms of excretion or of reabsorption of salt 

id water at a cellular level. 

I propose that the major developments of 
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understanding which occur periodically at 
some 10- to 15-year intervals depend on 3 
factors: first, the gradual accumulation of a 
critical mass of basic information ; second, the 
new concept or way of viewing the problem; 
and third, the new method, or adaptation of 
the old, which permits a more precise testing 
of the concept. 

Our first topic this afternoon is ‘‘Osmotic 
Concentration and Dilution in the Mammalian 
Nephron.’’ Ten to 15 years ago, our under- 
standing was reasonable, though not profound. 
In water deprivation, antidiuretic hormone 
stimulated the active pumping of water in 
the distal convoluted portion of the nephron. 
Solutes remaining in the tubule were concen- 
trated by the extraction of water. A concen- 
trated urine of small volume was formed. 
Then, it became evident from micropuncture 
studies that the urine within the distal tubule 
is hypo- or isotonic even when the final urine 
is markedly hypertonic. The pumping of 
water was shifted to the collecting ducts. 

Some began to grumble about the pumping 
of water. Can any celi transport water ac- 
tively? Based on this and far more _ back- 
ground information, a new concept originated 
with the chemists, Hargitay and Kuhn, and the 
physiologist, Wirz; ions were pumped actively 
by the loops of Henle to establish an osmotic 
gradient between cortex and medulla. Water 
diffused passively down this osmotic gradient 
as urine flowed along the collecting ducts. 
No pumping of water was necessary. 

At first, little credence was accorded this 
concept in this country. Perhaps it was not 
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clearly explained. Our first 2 speakers, Drs. 
Gottschalk and Ullrich have contributed sig- 
nificantly to this thesis of osmotic concentra- 
tion and dilution of the urine. They have used 
different approaches. Dr. Gottschalk, with a 
background of experience in micropuncture 
technics obtained in a study of intratubular 
and peritubular capillary pressures, has pro- 
vided impressive data in support of this view 
of formation of a concentrated urine. Dr. Ull- 
rich, working with ureteral microcatheteriza- 
tion in the hamster, has done much to clarify 
the role of the collecting ducts in forming a 
concentrated and a dilute urine. 

The second part of the program this after- 
noon deals more specifically with the mecha- 
nisms of transport of ions, although there will 
be continuing reference to the transport of 
water as well. The first speaker, Dr. Giebisch, 
could qualify as the grandson, scientifically 
speaking, of Dr. A. N. Richards—if Dr. 
Phyllis Bott will permit me to eall her his 
mother. (Laughter) The reason why I say 
this is that Dr. Giebisch learned the technic 


of micropuncture through the kindness of 
Phyllis Bott who took him into her laboratory 
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and devoted time to his training. His presen- 
tation will be concerned with the measure 
ments of electrical potentials and ion fluxes 
in single nephrons. The second speaker, Dr. 
Berliner, is really a perfect example of on 
who needs no introduction. His basic and fun- 
damental work, not only on ion exchange but 
also on other aspects of renal function, ar 
well known to all of you. He will deal with 
mechanisms involved in ion exchange in th 
nephron. The final paper on this afternoon’: 
program is by Drs. Malvin and Wilde. They 
will consider the role of ‘‘stop-flow’’ studies 
in elucidating ion and water reabsorption ii 
the nephron of the dog.. As many of you 
know, Dr. Malvin and Dr. Wilde hav: 
pioneered in a new method of study of rena 
tubular functions, a sort of a poor man’s 
micropuncture technic, as I like to look upo: 
it. I say this in no derogatory sense, since | 
am a poor man myself and have used their 
method extensively. At the close of these 
papers, the participants will have the oppor 
tunity to appraise the information and con- 
cepts which have been derived from these 
diverse sources. 
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Osmotic Concentration and Dilution 
in the Mammalian Nephron 


By Cart WituiAmM GorTscHALK, M.D. 


The micropuncture evidence relating to the location and the mechanism for concentration 
and dilution of the urine is reviewed. As required by the countercurrent hypothesis for 
urine concentration, these data demonstrate that in the presence of antidiuretic hormone, 
the tubular urine is first concentrated in the descending limb of the loop of Henle and 
then diluted in the ascending limb of the loop before its final concentration in the collect- 
ing ducts. The loop of Henle is believed to function as a countercurrent multiplier 
system, and the vasa recta as countercurrent diffusion exchangers. Additional data are 
required during water diuresis before the course of events in this condition is established. 


HE micropuncture technic which was 

originally applied to the study of kidney 
unction by Wearn and Richards! has been 
sarticularly fruitful in elucidating the course 
of events as they oceur in concentration and 
lilution of the urine. Over 20 years ago 
Walker and his collaborators? demonstrated 
that proximal tubular fluid in frogs and Nec- 
‘uri was isosmotie with plasma, and that the 
liypo-osmotie urine characteristic of these ani- 
mals first appeared in the distal tubule. In 
1941 Walker, Bott, Oliver and MacDowell*® 
demonstrated that a large percentage of the 
vlomerular filtrate was reabsorbed proxi- 
inally* by an isosmotie process in rats, guinea 
pigs, and 1 opossum. They were able to collect 
nly 3 samples of fluid from distal convolu- 
tions. One of these was isosmotic, but the other 
” were hypo-osmotice. This latter observation 
was rather surprising, as the final urine was 
iyperosmotic. They were reluctant to attach 
00 much significance to their few analyses of 
(distal fluid, but pointed out that the findings 
siiggested that the site of active chloride re- 
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*In these and the subsequent studies, the proximal 
bule is considered to extend from the glomerulus 
the thin descending segment of the loop of Henle; 
e distal convolution, from the macula densa—where 
ie ascending limb of the loop touches its own 
lomerulus—to its junction with one or more other 
stal convolutions to form a collecting duct. 
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absorption was proximal to that of pure water. 

More recently, Wirz* reported that proxi- 
mal tubular fluid was also isosmotic in rats 
undergoing a water diuresis, and that fluid in 
the early distal convolution was hypo-osmotic 
under all conditions. During water diuresis, 
the fluid remained hypo-osmotic. throughout 
the distal convolution and collecting ducts, but 
became isosmotie by the end of the distal con- 
volution when the final urine was hyperosmot- 
ic. Miss Mylle and I have been able to con- 
firm most of the above results, and to extend 
them.® This is fortunate, for the 3 groups have 
worked independently and have been widely 
separated, either by the years, or by many 
miles, and this confirmation lends credence to 
the results. It is only proper to point out that 
although the results obtained by micropunc- 
ture may be very helpful, the methods are so 
difficult that they present many potential pit- 
falls. 

We have also found (fig. 1) the proximal 
tubular fluid to be isosmotic, regardless of 
whether the final urine was hyper- or hypo- 
osmotic. In hydropenic rats elaborating 
markedly concentrated urine, the fluid in the 
early distal convolution is consistently hypo- 
osmotic, and in the second half of the distal 
convolution, isosmotic, but never hyperosmotic 
(fig. 2). Clearly, the hyperosmotic phase of 
urine concentration is established in the col- 
lecting ducts. 

The hypotonicity of the fluid entering the 
early distal convolution can be explained on 
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Figure 1 
Osmolality ratios of proximal tubular fluid and 
urine in rats. (Republished by permission of the 
American Journal of Physiology.*) 


the basis of hyperosmotic reabsorption of 
solute in the loop of Henle, or secretion of 
water into the loop. If it is due to reabsorp- 
tion of solute in excess of water, the only 
solute present in sufficient quantity to explain 
this degree of hypotonicity is sodium chloride. 
Accordingly, in an attempt to differentiate be- 
tween these 2 possible mechanisms, osmotic 
diuresis was induced with the nonreabsorbable 
solute, mannitol, and with sodium chloride 
(fig. 3). 

When a 25 per cent solution of mannitol 
was infused intravenously, the rate of urine 
flow increased up to 80 times that of the hy- 
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Figure 2 
Osmolality ratios of fluid from the distal convolu- 
tion and of urine during hydropenia. Different 
symbols refer to different rats. (Republished by 
permission of the American Journal of Physiolo- 
gy-”) 


dropenic state, and the urine/plasma osmola!- 
ity ratios were correspondingly low. Agail 
early distal fluid was hypo-osmotic, but the 
osmolality ratio was not less than 0.6, ani 
late distal samples were isosmotic or near]: 
so. Similar results were obtained during glu 
cose diuresis. 

When sodium chloride, given as a 5 or 
per cent solution, was the loading solute, con 
parable urine flows were achieved, but th 
degree of hypotonicity of the fluid in th 
early distal convolution increased. Here, 
large percentage of the samples had fluid 
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asma osmolality ratios less than 0.6; the 
inimum fluid/plasma ratio was 0.3. As be- 
re, fluid from the late distal convolution 
as isosmotic. The increase in the degree of 
‘potonicity with sodium chloride is impres- 
ve and constitutes, we believe, strong evi- 
nee that the hypotonicity of the fluid in the 
irly distal convolution is due to hyperosmotic 
‘absorption of sodium chloride in the loop of 
enle. 

All of the data so far can be explained by 
ne conventional theories® for the reabsorption 
' sodium and water, i.e., the proximal ‘‘ob- 
vatory’’ reabsorption and the distal ‘‘facul- 
itive’? reabsorption of sodium and water, 
ith the hyperosmotic phase probably result- 
ig from active transport of water by the cells 
f the collecting ducts. This interpretation, 
owever, neglects the countercurrent hypo- 
hesis of Kuhn and collaborators, which was 
irst proposed in 1942,7 but which had few 

proponents until reeently. This new and 
revolutionary theory, treated in detail in 1951 
by Hargitay and Kuhn,* proposes that the 
hairpin-like loop of Henle functions as a 
countereurrent multiplier system in which a 
small concentration gradient, at any given 
level in the loop, is multiplied as the tip of 
the loop is approached. This system was be- 
lieved to result in an increasing osmotic pres- 
sure in the medulla of the kidney. The theory 
iirther proposes that the concentration of the 
urine results from the passive withdrawal of 
vater from the. collecting ducts as they 
‘raverse this area. Their original experimental 
vidence, gained in conjunction with Wirz, 
as a eryoscopic study of rat kidney slices.® 
‘hey found that, at any given level, the osmot- 
pressure of the fiuid was identical in the 
iumen of all the tubules. There was also an 
icreasing osmotic gradient from the cortex, 
hich was isosmotie with arterial plasma, to 
ie tip of the papilla. Although the recent 
nalyses of distal tubular fluid* *° do not inval- 
late the concept of an increasing osmotic 

‘adient from cortex to papilla in at least 
me of the medullary structures, they do 
‘monstrate that all tubular fluid at a given 
vel in the kidney does not have exactly the 
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Figure 3 
Comparison of the osmolality ratios of fluid from 
the distal convolution and of urine during hyper- 
tonic sodium chloride diuresis with the ratios 
during hypertonic mannitol and glucose diuresis. 
(Republished by permission of the American Jour- 
nal of Physiology.* ) 


same osmolality. They also suggest to us that 
postmortem diffusion probably accounted for 
this aspect of the results of Wirz, Hargitay 
and Kuhn.® Since some doubt remained that 
the osmolality in all of the medullary strue- 
tures exceeds that of the cortex, additional 
direct sampling and measurement of osmolal- 
ity seemed to be required. Wirz!® accom- 
plished this for the medullary blood vessels 
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Figure 4 
Relation between the osmolality of collecting duct fluid, fluid from the loops of Henle, 
and vasa recta blood in various desert rodents. (Republished by permission of the Ameri- 


can Journal of Physiology.? ) 


by demonstrating that blood from the vasa 
recta at the tip of the hamster papilla had 
the same osmolality as that of the final urine. 
More recently, we accomplished the same for 
fiuid from the loop of Henle. Under conditions 
of proper illumination, it is possible to iden- 
tify loops of Henle in the living hamster 
papilla and to sample their contents. Fluid 
from the bends of the loops, or very close 
thereto, had essentially the same osmolality as 
that from a collecting duct at the same level 
(fig. 4). These results demonstrate that the 
urine is first concentrated and then diluted 
before its final concentration, as required by 
the countercurrent hypothesis. We were also 
able to confirm Wirz’s observation that the 


osmolality of blood from the vasa recta is the 
same as that of fluid from a collecting duct 
at the same level. 

These observations indicate to us that a 
countercurrent mechanism is operative in thie 
nephrons of the kidney, as well as in the vasa 
recta. The details of the mechanism remain t’ 
be established, and one can propose numerous 
variations of the countercurrent hypothes's 
that will explain the facts that are now avai 
able. We agree that the active transport 0: 
which the system depends is performed by th 
nephron, and that the loop of Henle funetioi 
as a countercurrent multiplier system. Th 
exchanges in the vasa recta, as in other bloo 
vessels, are probably passive and they are b: 
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ved to function as countercurrent diffusion 
changers, making the concentrating mecha- 
sm far more efficient. According to this view, 
e loop of Henle functions as a source of 
lium ions for the medullary interstitium, 
dasa result of its hairpin-like shape and the 
ture of its permeability, an osmotic gradient 
established in it as well as in the other 
dullary structures. Another general feature 
that all exchanges are believed to take place 
tween the lumina of the various structures 
id the adjacent interstitium, and not directly 
tween tubular lumina. Fortunately, with 
ich a mechanism, one is able to explain all 
ovement of water as being secondary to 
previous movement of solute. Our present 
working hypothesis,®> which is based on the 
assumption that there is no active transport 
of water, follows: 


‘*Sodium, by an unknown active mechanism, 
and chloride, as a result of the electrochemical 
eradient established, are believed to be trans- 
ported out of the relatively water imper- 


meable ascending limb of the loop of Henle 
into the interstitium of the medulla until a 
gradient of perhaps 200 mOsm. per Kg. of 
water has been established between the fluid 
of the ascending limb and interstitium. This 
single effect is multiplied as the fluid in the 
thin descending limb comes into osmotic 
equilibrium with the interstitial fluid by the 
diffusion of water out of, and probably the 
diffusion of some sodium chloride into, the 
‘escending limb, thus raising the osmolality 
of the fluid presented to the ascending limb. 
'n this fashion, an increasing osmotic gradient 
established in the direction of the tip of the 
apilla, and yet at no level is there a large 
smotie difference between luminal and inter- 
‘itial fluid. In contrast, the epithelium of the 
lleeting ducts in the presence of antidiuret- 
hormone is believed to be water permeable 
id functionally sodium impermeable (net 
ansport is probably small although there 
‘ay be diffusion into, and active transport 
it of, the collecting ducts). This results in 
iffusion of water out of the collecting ducts 
ito the hyperosmotic medullary interstitium 
util the fluid remaining in the collecting 
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ducts becomes correspondingly concentrated. 
It is apparent that in order for the urine to 
be significantly concentrated, the flow through 
the loops of Henle must considerably exceed 
the flow through the collecting ducts.’ This is 
accomplished under the influence of ADH by 
diffusion of water out of the distal convolu- 
tion into the interstitium of the cortex, reduc- 
ing the volume and increasing the osmolality 
to the isosmotie level of the fluid presented to 
the collecting ducts. As suggested by Schmidt- 
Nielsen,!! urea is probably also involved in 
some unknown fashion. It appears most likely 
to us that urea diffuses into the descending 
limb, contributing to the osmotic gradient 
established in the loop, and diffuses out of 
and/or is actively transported out of the as- 
cending limb. Unlike sodium, depending on 
the circumstances, there may be net diffusion 
of urea from the interstitium into the collect- 
ing ducts (exaltation), or vice versa, as water 
is extracted from them. 

‘‘Recent work by Hilger, Kliimper and 
Ullrich!” indicates that active reabsorption of 
sodium by the epithelium of the collecting 
duct also occurs. This reabsorption may play 
an important role in maintaining a high con- 
centration of sodium in the. interstitium of 
the medulla by preventing loss of sodium in 
the urine. In the presence of ADH, reabsorp- 
tion of sodium or other solute by the cells of 
the collecting duct would lead to the isosmotic 
reabsorption of water at the level at which 
the reabsorption of the solute occurred, and 
a reduction in the volume of fluid presented 
to any more distal portion of the collecting 
ducts. In the absence of ADH, reabsorption 
of solute would lead to further dilution of 
the collecting duct fiuid ; this view is consist- 
ent with the observations of Wirz* and our- 
selves (unpublished observations) on the os- 
motality of fluid from the end of the distal 
convolution and of urine. 

‘‘The vasa recta also participate in this 
mechanism, as first shown by Wirz! and now 
confirmed by us, and apparently function as 
countercurrent diffusion exchangers as shown 
in figure 5. (See Scholander?* for a discussion 
of this general biologic principle.) They make 
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Figure 5 
Diagram depicting the countercurrent mechanism as it is believed to operate in a 
nephron with a long loop and in the vasa recta. The numbers represent hypothetic 
osmolality values. No quantitative significance is to be attached to the number of arrows 
and only net movements are indicated. As is the case with the vascular loops, all loops 
of Henle do not reach the tip of the papilla, and hence the fluid in them does not become 
as concentrated as that of the final urine, but only as concentrated as the medullary inter- 
stitial fluid at the same level. The active sodium transport by the epithelium of the 
collecting duct is based on the work of Hilger, Kliimper and Ullrich? Kuhn*7 has 
recently considered the theoretic aspects of the activation of the counter-current multi- 
plier by active sodium transport. (Republished by permission of the American Journal 


of Physiology.’ ) 


the entire mechanism far more effective, re- 
sulting in a higher osmotic gradient, by tend- 
ing to trap sodium, urea and other diffusible 
solutes in the medulla. This aspect of the 
mechanism has recently been clearly discussed 
by Berliner and his co-workers,!* who have 
emphasized the importance of a low effective 
medullary blood fiow in establishing a high 
osmotic gradient. We would point out, how- 
ever, that the osmotic equilibration of the 
blood in the vasa recta with medullary inter- 
stitial fluid in all likelihood is not due only to 


the diffusion of solute into their descending 
and out of their ascending limbs, but also 
results in large part from the diffusion 0! 
water in the opposite direction. This short 
circuiting of water across the tops of th 
vascular loops may be, at least in part, ré 
sponsible for the seemingly rich content 0 
red cells in the vasa recta at the tip of th 
papilla. The efficiency of the countereurren 
exchange in the vasa recta is critical, for the 
probably remove not only the blood enterin; 
the medulla, but also the water that diffuse 
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n the thin descending limbs of the loops 
[enle and the collecting ducts. This water, 
1 solutes isosmotie for the particular level 
the medulla, presumably moves into the 
. recta because of the gradient of its chemi- 
potential established by the colloid osmotic 
: ssure of the plasma proteins, since the hy- 
static pressures in the capillaries and in- 
stitium are the same.’° The more nearly the 
iotie pressure of the blood leaving the 
lulla approaches that of the blood entering 
he less solute will be lost from the medulla, 
nd henee the higher the osmotic gradient es- 
avlished.’’ 
is noted above, many hypotheses are con- 
istent with the presently established facts. 
for example, the hypothesis of Berliner et 
|.,'* in which both the descending and as- 
‘nding limbs of the loop of Henle were postu- 
aled to be relatively water-impermeable and 
actively to transport sodium from lumen to 
interstitium, is compatible with present in- 
formation if the thin descending limb is as- 
sumed to be water-permeable in the presence 
of antidiuretic hormone. In such a system, the 
volume of fluid reaching the tip of the loop 
would be somewhat smaller than in the hypo- 
thesis detailed above, because transport of 
sodium out of the thin descending limb would 
lead to further extraction of water. 
Ullrich!* has proposed that the active trans- 
wt of sodium in the medulla is limited to the 
pithelium of the thick ascending limb and 
‘olleeting ducts, and that exchanges in the 
in limbs are passive. He visualizes that the 
\olality of the loop and of the interstitial 
ids is the same throughout the inner me- 
la, and that osmotic equilibration with 
ecting duct fluid lags behind so that the 
ds in the loop and in the collecting duct 
e the same osmolality only at the tip of 
papilla. We believe this hypothesis is un- 
‘ly, sinee we have recently been able to 
onstrate in a few loops in the papilla of 
desert rodent, Psammomys obesus,* an 
ease in osmolality in the direction of their 


Xindly supplied by Dr. Bodil Schmidt-Nielsen. 
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Micropuncture data on the diluting kidney 
are few and difficult to obtain, but proximal 
fluid is certainly isosmotic and early distal 
fluid, hypo-osmotic. In rats in which the final 
urine was quite dilute, Wirz* found that the 
fluid remained dilute throughout the distal 
convolution, and perhaps was diluted a bit 
further in the collecting ducts. In a small 
series of observations on animals elaborating 
urine which was only slightly hypo-osmotic, 
we found that the fluid was isosmotice by the 
end of the distal convolution and that the final 
dilution occurred in the collecting ducts, pre- 
sumably the result of the active reabsorption 
of sodium chloride by a water-impermeable 
membrane. Additional data are obviously 
needed before one can be confident of the 
course of events in this situation. 


Antidiuretic Hormone 

The micropuncture findings are consistent 
with the hypothesis that the epithelium of the 
collecting ducts, and perhaps the distal con- 
volution, is rendered freely permeable to water 
by the presence of antidiuretic hormone,* !4 
but we agree with Wirz‘ that antidiuretic 
hormone may have an additional effect on the 
concentrating mechanism. If a change in the 
permeability to water of the epithelium of the 
collecting duct and of the distal convolution 
were its only effect, the interstitium of the 
medulla could be even more hyperosmotic dur- 
ing water diuresis than during hydropenia, 
for less water is probably extracted from the 
collecting ducts during water diuresis than 
during hydropenia. Among other possible 
mechanisms whereby antidiuretic hormone 
could facilitate the operation of the counter- 
current system are 1 or more of the following 
actions: (1) increased transport of sodium 
by the thin, ascending limb; (2) increased 
permeability to water of the thin, descending 
limb; or (3) decreased medullary blood flow. 
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The First Micropuncture Studies of the Kidney 

In the spring of 1921 I had the privilege of seeing a demonstration of Professor Robert 
Chambers of New York in which, by means of micropipettes, he injected various sub- 
stances into the cell bodies of amoebae. It excited me to believe that the frog’s kidney, 
already made accessible to direct vision, might become accessible also to instrumental 
manipulation. Dr. J. T. Wearn, learning of this thought, erystallized it by suggesting 
that it might be possible to draw fluid from the intracapsular space within the malpighian 
body and thus to compare its chemical composition with that of the blood plasma from 
which it is derived. If such a project could be successfully and comprehensively accom- 
plished, we should gain knowledge of the most direct character by which to estimate the 
nature of the processes concerned in the separation from the blood within the glomerulus 
of the fluid which is eventually to become urine: and a far more satisfactory basis for 
study of function of the tubules would be laid than existed previously because, until we 
are definitely certain concerning the amount and composition of the fluid which con- 
stitutes the head water of the stream flowing down the tubule, we ean scarcely hope to 
decide with certainty concerning the changes to which this fluid is subjected during its 
passage through the tubule—A. N. Richards. Methods and Results of Direct Investiga- 
tions of the Function of the Kidney. The Beaumont Foundation Lectures, series 8. 
Baltimore, Williams and Wilkins, 1929, p. 15. 
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Function of the Collecting Ducts 


By Karu J. Uuiricn, M.D. 


Urine was sampled from microeatheters situated at different levels of the collecting ducts 
of golden hamsters. Appropriate analyses provided data concerning the function of the 
collecting ducts with respect to concentrating and acidifying the urine. The conclusion 
is reached that the collecting ducts serve 2 functions: a passive one, i.e., the back-diffusion 
of water and urea and an active one, i.e., the exchange of sodium for hydrogen ions and 


the formation of ammonia. 


EIDENHAIN' ! in 1874 injected indigo 

I carmine into intact animals and found 
a strong coneentration of color in the collect- 
ine duets. His explanation was that there is 
relatively more urine in the collecting ducts 
aud that some precipitated dye is collected by 
coagulation in a manner analogous to sand 
being swept along by a stream. He attributed 
no special function to the cells of the collect- 
ing duets because of their clear appearance. 
This interpretation was accepted for 70 years. 
in 1949 Vimtrup,? in the laboratory of Bo- 
dil and Knut Schmidt-Nielsen, repeated ex- 
periments with dyes on Heteromyidae whose 
colleeting ducts are very long and a good sub- 
ject for experimental study. He concluded 
that the urine becomes concentrated as it flows 
through the collecting ducts. In 1951 Hargitay 
aud Kuhn* published their countercurrent 
hypothesis, showing by experiments per- 
formed in conjunction with Wirz,* that the 
ne was concentrated in the collecting ducts. 
‘!'o obtain more information about the fune- 
of collecting ducts, Hilger, Kliimper, 

ler, Pehling and Ullrich*® catheterized the 
ecting ducts of golden hamsters, whose 
illae are easily accessible from the renal 

is. The experimental procedure was as 
ws: 2 polyethylene microcatheters were 

ed from the renal pelvis into 2 collecting 

ts, the tips reaching different levels. Both 
ples of urine which were obtained in this 
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way were analyzed with respect to the depres- 
sions of the freezing point and the concentra- 
tions of inulin, sodium, and potassium. 

The results are plotted in figure 1. In 33 
eases, the concentration of inulin in urine 
from the superficially placed catheter aver- 
aged 1.5 times that from the deeper one. In a 
second series of animals with higher urinary 
osmotic pressure, the mean increase was three- 
fold. If it is assumed that the increase in inu- 
lin concentration is due to the reabsorption of 
water, the results of both series indicate that 
between one-third and two-thirds of the water 
flowing into the portions of the collecting 
ducts under consideration is reabsorbed. 

If water alone is reabsorbed from the fluid 
of the collecting ducts, the increase in osmotic 
pressure ought to parallel the increase in the 
concentration of inulin. But (fig. 2), such 
parallelism was not observed: the real osmotic 
pressures increase with much less of a slope. 
From this discrepancy one can conclude that 
some solutes must be reabsorbed too, thereby 
making the osmotic pressure of the reabsorbed 
solution equal to about two-thirds of that of 
the solution flowing into the corresponding 
segment of the collecting ducts. 

In other experiments, Kliimper, Ullrich, 
and Hilger® measured the concentrations of 
inulin and urea in samples obtained from 
microcatheterization of collecting ducts. In all 
cases the increase in the concentration of inu- 
lin exceeded that of urea. The ratios of the 
rate of increase in the concentration of urea 
to the rate of increase in the concentration of 
inulin varied from 0.37 to 0.97, with an aver- 
age of 0.65. These data indicate that the con- 
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Figure 1 


Relative changes in the concentrations of inulin in the urine within the collecting duct, 
and the corresponding reabsorption of water. The data illustrated on the right side of 
the figure are from animals excreting a more concentrated urine than those on the left. 
On the abscissa are plotted the distances of sampling points from the tip of the papilla. 
The straight lines represent the values of the simultaneously gained samples. Data taken 


from Hilger, Kliimper and Ullrich. 


centration of urea in the reabsorbed solution 
is approximately half the concentration of the 
fluid flowing into the particular segment of 
the collecting duct from which samples were 
obtained. 

What changes occur in the electrolytes dur- 
ing the passage of urine through the collecting 
ducts? On the average, the increases in the 
concentrations of potassium parallel the in- 
creases in the concentrations of inulin.’ This 
supports the view that potassium is concen- 
trated only by reabsorption of water in the 
collecting ducts of the inner medullary region. 

The concentrations of sodium in the urine, 
however, fall as the urine passes through the 
collecting ducts.® As may be seen in figure 3, 
there is a steep slope, with high values for 
concentration in the outer medullary region. 
This fact indicates that a great deal of water 


is reabsorbed from the collecting ducts of the 
cortex and the outer medulla. The sodium 
concentrations are very low at the papillary 
tip. Thus, sodium must be reabsorbed from 
the collecting ducts. We may then conclude 
that the collecting ducts can regulate the ex- 
eretion of sodium by the kidney. 

But how can this drop in the concentration 
of sodium be reconciled with the coincidental 
rise in the osmotic pressure of urine in ‘he 
same region? Simultaneous measurements 
the concentrations of inulin and ammoniun 
Ullrich, Hilger, and Kliimper® indicate (‘ig. 
4) that ammonium increases much more t! 
inulin. Therefore, we may conclude that «m- 
monium ions are secreted into the collect 
ducts. In connection with this observat 
it is interesting to note that Richterich- 
Baerle, Goldstein, and Dearborn® have -'e- 
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Figure 2 
Changes in the osmotic pressure of urine along the course of the collecting duct. The 
data used for the left side of the figure were calculated from the freezing-point depression 
of urine obtained from the deeper level and the respective concentrations of inulin in 
urine from both levels. This hypothetic figure would be expected if only water were 
reabsorbed. The observed increases in osmotic pressure (right) are less. Data taken from 
Hilger, Kliimper and Ullrich.® 
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Figure 3 

a. Changes in the concentrations of sodium during the passage of urine through the 
collecting duct (26 experiments on golden hamsters). On the abscissa is plotted the 
distance of the sampling point from the tip of the papilla. b. Changes in the concentra- 
tions of potassium during the passage of urine through the collecting duct (23 experi- 
ments). (Republished by permission of Pfliiger’s Archiv fiir die gesamte Physiologie des 
Menschen und der Tiere.*) 
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Figure 4 
Changes in the concentration of ammonia in urine during the passage through the collect- 
ing duct compared with the changes in the concentration of inulin and in the osmotic 
pressure in the same samples (4 representative experiments). Data taken from Hilger, 


Kliimper and Ullrich.’ 


seribed a high degree of activity of glutami- 
nase I in the inner zone of the renal medulla 
of dogs and rabbits. Moreover, as may be seen 
in figure 5, acidification of urine within the 
collecting ducts was demonstrated by a de- 
erease of pH.* These observations were re- 
cently confirmed by Gottschalk’ and Gie- 
bisch,"! who have also shown that acidification 
ean take place in the proximal and distal con- 
volutions. The present data indicate that there 
is an exchange of sodium ions for hydrogen 
ions and a secretion of ammonia in the col- 
lecting ducts. 


The findings by the stop-flow method 
are in accord with our results as far as t! 
reabsorption of sodium and the secretion 
hydrogen ions and ammonia are concern 
However, a discrepancy exists with respect 
the site of secretion of potassium. Accordi 
to the stop-flow method, potassium is secret 
at the same site as hydrogen ions and amn 
nia. However, our results indicate that pot 
sium is not secreted in the collecting ducts 
the inner medullary region, but that sec 
tion of potassium may occur at a site higl 
up in the collecting ducts. 
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F NCTION OF THE COLLECTING DUCTS 
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Figure 5 


The pH of urine drawn simultaneously from the collecting duct at different distances 
from the tip of the papilla. The graph on the left represents values of samples withdrawn 
without special precautions. The values for the graph on the right were measured at a 
carbon dioxide tension of 40 mm. Hg. The values at abscissa point 0 are values from 
the other (unexposed) kidney. (Republished by permission of Ergebnisse der Physiologie, 
Biologischen Chemie und Experimentellen Pharmakologie.’”*) 
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The Animal that Fits 

In 1926, Marshall, browsing through comparative anatomy, discovered that a number 
of fishes had been described which possessed purely tubular kidneys. This fact, of course, 
immediately evoked Marshall’s interest in fish urine. Unfortunately, aglomerular fishes 
were rather rare, but we happened to have one species, the goosefish, at Salisbury 
Cove... 

Work on the aglomerular fishes had been undertaken independently by J. G. Edwards 
in the Naples’ laboratory, and within a short time it was clear that this purely tubular 
kidney, which does not even possess a significant arterial blood supply, but is perfused 
entirely by venous blood from the renal portal vein and at a pressure which is probably 


below the osmotic pressure of the plasma proteins, can excrete all the ordinary urinary 
constituents .. . 


So, by 1930, the question of tubular excretion was answered in the affirmative. But, as 
Richards said in the discussion when Marshall read a paper at Woods Hole on the 
aglomerular fish, “At last he has found an animal that fits in with his theory.”—H. W. 


Smith. Lectures on the Kidney. Lawrence, Kansas, University of Kansas Press, 1943, 
7 
p. 73. 
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Discussion 


vr. Berliner: I should like to comment upon 
last item covered by Dr. Gottschalk, that 
the question of whether there is any neces- 

- for assuming that antidiuretic hormone 

- any other effect than on the loss of water 

the distal tubules and in the collecting 

‘ts. I agree that if we considered only the 

usport of sodium by the loops, and the 

centration of the urine, we would predict, 
the assumption that the interstitial space 
ess diluted by water from the collecting 
ts, that the interstitial fluid would be 
wore hypertonic during water diuresis than 
uring antidiuresis. But during antidiuresis, 
uut half of the osmotic pressure is due to 

‘ea, Which is not present during water diure- 
is. Since we are left only with sodium and 
‘hioride, the interstitial fluid would have a 
considerably lower osmotic pressure during 
water diuresis than during antidiuresis—at 
least as far as total osmotic pressure is con- 
cerned. 

However, it is entirely possible the animal 
undergoing water diuresis loses more water 
from the collecting ducts than does the hy- 
dropenie animal putting out a very small 
volume of water. In the animal undergoing 
water diuresis, the urine entering the collect- 
ing duets is already dilute; if the urine then 
loses some water in the collecting ducts, it 
will be difficult to determine how much water 
has been lost, since we don’t know how much 

ered the collecting system. We are cer- 
ainly not justified in considering the collect- 

‘duets totally impermeable to water during 

er diuresis. 

in the other hand, in the animal putting 

a very small volume of highly concen- 
ted urine, we can make a rough estimate 

i how much water was lost from that urine 
the collecting system. Even allowing, in 
rd with the studies of Dr. Ullrich, for 
loss of a certain amount of solute from 
collecting ducts, the amount of water 
ch is removed turns out to be very small. 
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It is entirely possible, therefore, that the 
water removed during water diuresis is actu- 
ally greater than during antidiuresis, and, if 
this is so, the fluid in the interstitial space 
will have a lower sodium concentration than 
during oliguria. 

I certainly agree with Dr. Gottschalk that 
the blood flow through the medulla may in- 
crease during hydration. Such an increase 
would tend to reduce the osmolality of the 
interstitial fluid during water diuresis. 

Dr. Gottschalk: I would agree completely 
with Dr. Berliner’s interpretation that, in the 
absence of antidiuretic hormone, the passage 
of urea down collecting ducts which are im- 
permeable to urea would have a major effect 
on the osmotic pressure of the interstitium. I 
also think that it is possible to obtain data 
which will allow one to quantify, reasonably 
well, the magnitude of the water movement 
under the different conditions which he has 
considered. The main difficulty which we 
have encountered in doing such experiments 
has been in the establishment of a steady-state 
water diuresis in animals which have been 
anesthetized and exposed to extensive surgery. 

Dr. William Lassiter, who has been working 
with us for the past couple of years, now has 
very good evidence to support the concepts 
and the data of Dr. Ullrich on the removal 
of solute from the collecting ducts; for, he 
also has found, in a comparison of the final 
urine with that of fluid from the end of the 
distal convolution, that there is a much great- 
er rise in the inulin concentration than in 
either the total osmotic concentration of the 
urine or in the urea concentration. 

Dr. Smith: I would like to ask either Dr. 
Gottschalk or Dr. Ullrich if they are yet pre- 
pared to make an estimate of the relative 
quantity of tubular urine which is reabsorbed 
in the proximal loop of the distal convoluted 
tubule and in the collecting ducts during anti- 
diuresis. 

Dr. Gottschalk: Dr. Lassiter has aceumu- 
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lated a fair amount of data on the inulin 
concentration of proximal tubular fluid. This 
is as determined with C1-labeled inulin. It 
is not surprising that his data agree very 
closely with those of Walker, Bott, Oliver, 
and MacDowell, and indicate that approxi- 
mately 20 per cent of the filtered water still 
remains at the end of the proximal convoluted 
tubule. 

We have a few calculations on the probable 
osmolality of the fluid removed from the col- 
leeting ducts during antidiuresis. These cal- 
culations are certainly highly speculative, as 
they are not based on many facts, but it would 
appear that the mean osmolality of the fluid 
removed from the collecting ducts is about 
200 mOsm./Kg. H.0. 

I would like to ask Dr. Ullrich a question 
about 1 of his slides, which showed a very 
high concentration of sodium in the upper 
regions of the collecting duct. Wasn’t the 
concentration 300 mEq./L.? 


Dr. Ullrich: Yes, the concentration was uy , 


to 300. 

Dr. Gottschalk: Could you tell us more 
about this? 

Dr. Ullrich: My impression is that in the 
outer medulla, there must be more reabsorp- 
tion of water than of solutes, or there must 
be a back-diffusion into the collecting duct 
of the sodium which was pumped out by 
the thick ascending limb. These are the 2 
possibilities, but I cannot distinguish between 
them. 

Dr. Hilton: I may have missed it, Dr. Gott- 
schalk, but is there any difference in the os- 
motie pressure of urine in the papilla during 
low and high urine flows? 

Dr. Gottschalk: Oh, yes. As judged by the 
osmolality of loop fluid and vasa recta blood, 
there is a very wide range of osmotic pressure. 
For instance, I showed a slide in which the 
fluid had an osmolality varying from approxi- 
mately 400 to 1,400 mOsm./Kg. H2O. The 
dilute samples were taken during profuse glu- 
cose diuresis in hamsters; during antidiuresis 
the osmolality was obviously much higher. 

Dr. Hilton: According to the theory that 
you propose, during antidiuresis, the osmotic 
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pressure in the interstitium should be son 
what lower than during diuresis. Is that e& 
rect or am I wrong? 

Dr. Gottschalk: No, that is wrong. The « 
motie pressure in the medullary interstiti) 
is believed to be higher during antidiur 
than during diuresis. In the presence of a) 
diuretic hormone, the osmotic pressure is 
lieved to be approximately the same in the | » 
of the loop of Henle and in the adjacent int 
stitium—at all levels of osmotic pressure. 
long as ADH is present, the osmolality of 
collecting duct fluid would also be the sa 
unless the rate of urine flow were very hi 

Dr. Hilton: Well, that-is my question. Is 
Do the osmotie pressures follow the theo: 

Dr. Gottschalk: The measurements t 
have been obtained so far are consistent w't 
this, yes. 

Dr. Hilton: Are they inconsistent with ‘he 
seeretion of water? 

Dr. Gottschalk: Are they inconsistent with 
the secretion of water? Our over-all concept 
of the concentrating mechanism is based on 
the hypothesis that there is no active trauns- 
port of water. 

Dr. Hilton: I know, but have you ruled it 
out? 

Dr. Gottschalk : Our data cannot rule it out. 

Dr. Gilman: I would like to turn to a sub- 
ject which has been touched upon by Dr. UlI- 
rich. Dr. Ullrich mentioned that he was 
somewhat surprised, since the PCQOz is apt to 
be so low, at the large metabolic activity of 
the collecting duct. The low PCO. relates, of 
course, to the countercurrent nature of the 
vasa recta; just as oxygen tensions tend to 
be low, PCO. would tend to be high. 

If the last exposure of the urine is to an 
area of presumably high PCOs, unrelated to 
the PCO. of arterial blood, should we pay 
any attention whatsoever to the vast litera- 
ture that relates urinary PCOs. to arter al 
PCO2? 

Dr. Ulirich: As an explanation for hi th 
COs pressures in the urine, Pitts has s° z- 
gested: (1) that in the process of bicarbon ‘¢ 
reabsorption and urinary acidification th ve 
is an exchange of Na’* ions against H* io:s; 
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| (2) that in the reaction, Ht + HCO;~ = 

COs; = HeO + COs, the last step may be 

ayed. This view has been challenged by 

odsky, Miley, Kaim and Shah who based 
ir caleulations on the assumption that the 

), pressure in the urine is always as high 

in the renal venous blood. It seems to me 

it if one takes into account the neat ana- 
nic arrangement for the countercurrent ex- 
inge of gases, then a high CO» pressure in 

‘urine may be {tJ uted to Dr. Pitts’ idea 

delayed dehydration plus countercurrent 

‘hange. 

On the other hand, a low COs pressure in 

‘urine may be a consequence of a low sup- 

of carbon dioxide to the medulla from 
ictabolism and from the loops of Henle and 

‘eapillary loops. Since the urine is acidified 

in the collecting ducts, the chemical reaction 
iied above may shift to the left. The CO. 
pressure in this entire area may then drop 
due to countercurrent diffusion, and the CO, 
pressure in the urine may fall below that in 
the arterial blood. The diffusion of ammonia 
into the collecting duct may also reduce the 
COs pressure. 

With respect to oxygen tensions, the data 
of Rennie, Reeves and Pappenheimer indicate 
that the oxygen tension in urine may be low, 
varying from 6 to 60 mm. Hg, with a mean 
of 36 mm. Hg. These data, coupled with the 
circulation times of Levy and Saueeda, indi- 
cate that there is a countercurrent diffusion 
of Os as well as of COs. 

Dr. Wilde: Concerning the source of the 
sodium supplied to the papillary interstitium, 
I think Dr. Ullrich’s data in the hamster war- 
reut special mention. These indicate, I be- 
li-ve, that the sodium removed from the por- 
tin of the collecting duct from which he 
simples is about equal to the total quantity 
w tich comes out in the final urine. Of course, 
li is dealing with a low urine volume and a 
siiall quantity of sodium; nonetheless, this 
( antity may be a very important one in that 
ii actually determines how much sodium is 
fi ally lost to the urine in these organisms. 

Dr. Ullrich: If one extrapolates thes. data, 

‘concentration of sodium in the urine ap- 
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proaches zero; this means that the reabsorp- 
tion of sodium in the collecting duct is high. 
Indeed, one can calculate that the concentra- 
tion of sodium in the fluid, which is reabsorbed 
in the collecting duct, is about 400 mM/L. 
Almost all of the reabsorbed sodium ions are 
exchanged against hydrogen ions and am- 
monia. 

To explain the increase of osmotic pressure 
in the countercurrent system of the inner 
medulla, several authors have suggested that 
an outward flow of NaCl occurs on the as- 
cending side of the loops of Henle and that 
an inward flow of NaCl occurs on the descend- 
ing side. This would imply that the thin limb 
of Henle changes its function at the tip of 
each loop; to me, this seems unlikely. From 
the standpoint of morphology there is no rea- 
son to believe this hypothesis. 

Therefore, I wonder if the process of 
acidification, or other metabolic processes in 
the inner medullary region, could contribute 
osmotically active substances to this area? 
Such a contribution is conceivable when one 
realizes that an osmotically inactive substance, 
carbon dioxide, after hydration and exchange 
of hydrogen against sodium, yields 2 osmoti- 
cally active particles (Na*+ and-HCO;—). Also, 
other processes such as the split of glucose to 
lactic acid and of glutamine to ammonium 
glutaminate may generate osmotically active 
particles in this area. 

Dr. Malvin: Dr. Ullrich has already stolen 
a little bit of my thunder in reporting that his 
results with potassium seemed to disagree with 
the data from stop-flow. My only comment at 
this time is that this diserepancy may be a 
species difference; that is, the flow experi- 
ments in our laboratories have been performed 
on dogs, whereas, if I remember correctly, you 
have used the hamster and rat. 

I should also like to ask this question: 
Where, then, do you visualize potassium se- 
cretion to take place? 

Dr. Ullrich: I don’t know where the potas- 
sium secretion may take place. It may be in 
the collecting duct of the outer medulla or 
in the distal tubule. 

Chairman Pitts: I would like to ask Dr. 





878 


Ullrich, along these same lines, if there was 
any evidence of overt potassium secretion in 
his animals at the time that he collected the 
samples ; does he have data to indicate whether 
the potassium clearance was approaching, or 
especially, exceeding the inulin clearance? In 
other words, is there definite evidence for 
potassium secretion? 

Dr. Ullrich: No, there is no evidence for 
potassium secretion. We have seen potassium 
values in urine up to 50 or 60 mEq./L.; if we 
assume the corresponding potassium values in 
blood to be 5, then we are left with a U:P 
ratio of 10. The U:P ratio of inulin was much 
higher. 

Dr. Smith: Everything now is pretty well 
mixed up with everything else in the collect- 
ing ducts, but I remain completely mixed up 
about 1 slide which Dr. Gottschalk showed on 
the diabetes insipidus animal. Do I quote you 
correctly in saying that in diabetes insipidus 
the fiuid pressure is isosmotic to the plasma? 

Dr. Gottschalk: The few data that we have 
show exactly that at the end of the distal con- 
volution. 

Dr. Smith: What are you going to do about 
that ? 

Dr. Gottschalk: Well, before one can be sure 
of what happens here, we need more data. I 
think it is very important to point out, 
though, Dr. Smith, that our animals were 
putting out urine that was only slightly hypo- 
osmotic. The findings in the distal convolution 
may vary considerably depending on the de- 
gree of dilution of the final urine. I have no 
reason to doubt our data or Dr. Wirz’s data. 
Perhaps the divergence in the data depends 
on how much antidiuretic hormone was pres- 
ent. Perhaps our animals had a certain 
amount of antidiuretic hormone, and his had 
practically none. 

Dr. Smith: It remains important to deter- 
mine the quantities of all elements which are 
transported in the proximal loop, the distal 


DISCUSSIO: 


convoluted tubule, and in collecting ducts. W 
have, as yet, no idea of relative amounts « 
transport. 

Dr. Gottschalk: I would agree 100 per cen 
I think it is also important to emphasize, pa - 
ticularly with regard to the distal convolutio 
that the fluid in all convolutions is not goir 
to be the same. In an animal such as a ra , 
in which the loops have dipped into the m - 
dulla for varying degrees, the inulin conce 
tration, for instance, in distal fluid would | « 
expected to vary considerably. 

Dr. Smith: Maybe that slide should nev 
have been used then. It may refer to differe 
populations in the rat. ~ 

Dr. Gottschalk: That is possible. 

Dr. Khalil Wakim (Rochester, Minn.) : | 
should like to ask Dr. Gottschalk how he ii- 
duced diabetes insipidus in his rats and if 
they ingested plenty of water? 

Dr. Gottschalk: I am indebted to a gentle- 
man who may be in the audience for the gift 
of these 3 animals—Dr. Robert Winters. He 
induced diabetes insipidus by producing 
hypothalamic coagulation lesions. I wouldn’t 
for 1 minute, and I am sure he would agree, 
wish to imply that they had complete diabetes 
insipidus, and that they had no secretion at 
all of antidiuretic hormone. 

Dr. Wakim: Did they take plenty of water? 

Dr. Gottschalk: Oh, yes. I can’t quote their 
voluntary water intake, but it was very, very 
large. 

Question: Has the Schmidt-Nielsen labora- 
tory found any further evidence for the active 
secretion of urea into the urine of these ani- 
mals? 

Dr. Ullrich: We have not, during the time 
that I have been in the laboratory, done any 
new experiments. All the other data have becn 
published by Dr. Bodil Schmidt-Nielsen ; s1¢ 
has found indications that there may be active 
secretion of urea, but these are indicatic.s 
only. 
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Measurements of Electrical Potentials and Ion Fluxes 


on Single Renal Tubules 


By GerHarp GreBiscH, M.D. 


Experimental technics are described which permit the measurements of stable electrical 
potential differences across the cell membrane of single renal tubule cells and across 
single tubules. The inside of the tubule lumen is normally found to be electrically nega- 
tive to the outside, while the cell interior is found to be negative to both the peritubular 
fluid and the tubule lumen. Such electrical measurements, in conjunction with known 
concentration gradients and flux measurements of various ions across single renal 
tubules, permit some deductions to be made on the driving forees involved in the move- 
ment of various ion species across the luminal and peritubular cell membrane of renal 


tubule cells. 


) ENAL function studies have indicated 
R that among biologic membranes involved 
in the transport of electrolytes, the renal 
tubules are exceedingly active in the net trans- 
fer of most ion species. However, in spite of 
the establishment of considerable concentra- 
tion gradients across various tubular segments 
and the likelihood of different transfer rates 
of charged particles from the lumen to the 
peritubular fluid, factors favoring the crea- 
tion of electrical potential differences, renal 
tubular structures have received relatively 
little attention as far as electrical phenomena 
are concerned. Also, little is known regarding 
the magnitude and the kineties of bidirectional 
ion fluxes across renal tubules, although site 
aud steepness of various ionic concentration 

radients have been fairly well outlined by 

cropuneture studies on individual nephrons. 
some of these problems have recently been 
died by a combination of microelectrode 
hnies and the perfusion of single renal 
ules with solutions of known composition 
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containing various isotopes. Also, double-per- 
fusion of an amphibian kidney with different 
electrolyte solutions has yielded a reasonably 
stable and viable preparation which permits 
one to study the effects of various ions on elec- 
trical potential gradients. This presentation 
will be concerned with observations made on 
single nephrons of Necturus, an amphibian in 
which the size of the nephron is adequate to 
permit perfusion of single proximal tubules 
and in which stable electrical potential dif- 
ferences can be recorded, not only across the 
tubular wall but also across the cell membrane 
of individual tubule cells. 


Electrical Potential Measurements on Single 
Renal Tubules 


I should like to discuss, first, electrical phe- 
nomena which we observed on single renal 
tubules. The purpose of this study was two- 
fold : first, to investigate whether an electrical 
potential difference exists across the renal 
tubular wall and to what extent the mainte- 
nance of such a potential difference is depend- 
ent on the presence of various ion species. Our 
second aim was to measure transmembrane 
potentials of single renal tubule cells, and if 
possible, to evaluate permeability character- 
istics of the luminal and peritubular cell side 
from ionic concentration gradients and electri- 
cal potential measurements before and after 
specifie changes of the ionic environment had 
been induced. 
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Figure 1 
Single tubule of Necturus showing relation of indifferent and recording microelectrode to 


various tubular structures. 


Figure 1 shows a schematic view of the site 
of the microelectrode tip in relation to renal 
tubular structures. When a glass microelec- 


trode having a tip-diameter of less than 1p. 
is lowered upon the kidney, a ‘‘transcellular’’ 
potential difference (i., a transmembrane 
potential of a single tubule cell) can be re- 
corded before the microelectrode gains access 
to the tubule lumen and records a ‘‘transtu- 
bular’’ potential difference. Note the site of 
the indifferent electrode. During most meas- 
urements, the indifferent electrode was located 
on the surface of the kidney, effectively 
grounding the extracellular fluid. In a num- 
ber of experiments, however, we have chosen 
to place a Ringer-agar micropipet into the 
tubule lumen and _ record differentially be- 
tween tubule lumen and cell interior. This 
specifically permits one to test the effect of 
changes in the composition of tubule fluid on 
the potential difference between tubule lumen 
and cell interior across the luminal cell mem- 
brane. Attention should be drawn to the possi- 
bility that part of a transtubular potential 
difference is shunted through the glomerulus, 
the nephrostome, or through lower parts of the 
nephron. Fortunately, direct evidence indi- 
cates that this does not occur to any signifi- 


cant extent. When a column of colored mineral 
oil is injected into the proximal tubule aud 
split by deposition of a small amount of 
Ringer’s fluid, the glomerulus, the neck, the 
proximal end, as well as the most distal part 
of the tubule, are filled with oil. The transtu- 
bular potential difference under these condi- 
tions is identical with that recorded across a 
nonperfused tubule.?-* 

Figure 2 summarizes data obtained in 
anesthetized Necturus on the frequency dis- 
tribution of renal tubular transcellular poten- 
tials.! Stable measurements can be maintained 
for as long as 45 minutes. Results obtained in 
animals with undisturbed renal circulation 
are compared with those having spontaneously 
sluggish renal circulation or complete renal 
vascular stasis. Also included are measure- 
ments on animals pretreated with various 
amounts of radiochlormerodrin (Neohydrin). 
Some of these animals had renal ischemia. Cal- 
culation of the mean of 113 observations gave 
a mean electrical potential difference across 
the membrane of single renal tubule cells of 
—72 mV (s.d. of the mean + 7.2 mV). Signifi- 
cantly lower values were obtained in animils 
pretreated with chlormerodrin 24 to 48 hovrs 
prior to the experiment in doses effecting a 
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Figure 2 
Summary of transmembrane potentials of single tubule cells. Values of electrical poten- 
tials are plotted, pooled in groups of 3 mV, against the number of observations. 
(Republished by permission of the Journal of Cellular and Comparative Physiology.*) 


mereury eontent of the kidney of more than 
200 y/Gm. kidney. Smaller amounts of mer- 
cury were less effective in reducing cellular 
transmembrane potentials. It is also apparent 
that impairment of the renal circulation de- 
presses a fraction of the normal membrane po- 
tential (most potential measurements on 
ischemie kidneys yielded values ranging from 
15 to —55 mV). Such a state of ischemia, last- 
ig for even as long as 5 to 6 hours, does not 
|-ad to a progressive decline of renal tubular 
«ll potentials. A phase of partial depolariza- 
‘on within the first 30 minutes is followed 
stabilization of the potential at a lower 
vel of about 65 to 70 per cent of the original 
lues obtained before ischemia had begun. 
lditional observations on transcellular po- 
itials of single tubule cells were obtained in 

e doubly perfused kidney of Necturus.* This 
‘eparation was found to be valuable in test- 
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ing the effects of changes in the composition 
of the medium surrounding the tubule cells 
on transcellular and transtubular potential 
differences. We have, in essence, followed the 
technics.as originally described by Cullis® and 
Hoeber’s school,® in which the aorta, anterior 
abdominal vein and posteaval vein were can- 
nulated and perfused with oxygenated 
Ringer’s solution. Effluent fluid from the post- 
caval vein was allowed to drain freely and, in 
some experiments, its electrolyte composition 
was analyzed for sodium, chloride and potas- 
sium. Either a bicarbonate- or phosphate- 
Ringer was used for control experiments. 
From a number of function studies it appears 
that this preparation is stable and viable for 
several hours. 

The first modification of the perfusion fluid 
which was undertaken -was to change the 
potassium concentration in the portal and 
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aortal perfusion systems. The results of meas- 
urements of peritubular transcellular poten- 
tial differences of proximal tubule cells may 
be summarized by stating that above a con- 
centration of 5 mEq./l., there is a straight- 
line relationship between transmembrane po- 
tential and the logarithm of external potas- 
sium concentration. A slope of 53 mV per ten- 
fold change in potassium concentration is ob- 
served. Below an external potassium concen- 
tration of 5 mEq./L., the transcellular poten- 
tial difference increases, but deviates from the 
linear relationship which might be expected 
if the potential difference were solely due to 
the potassium concentration gradient across 
the cell membrane. We conclude from these 
results that the peritubular transmembrane 
potential difference of single proximal tubule 
cells is essentially like that to be expected from 
a potassium concentration cell. Stated differ- 
ently, the fact that potassium ions depolarize 
renal tubule cells is indicative of considerable 
permeability of the peritubular, contraluminal 


cell side to potassium, permitting this cation 
to discharge the intracellular negativity when 
its concentration in the extracellular fluid is 
increased. 


The fact that depolarization measured 
across the peritubular cell membrane occurs 
when the potassium concentration is increased 
does not permit one to decide directly to what 
degree the luminal side of the cell is permeable 
to potassium. Therefore, we have attempted to 
measure the effect of an increased potassium 
concentration on the electrical potential differ- 
ence between lumen and cell interior in the 
following manner. A kidney of Necturus is per- 
fused via aorta and portal system with fluid 
containing potassium at the normal level of 
4.5 mEq./L. Next, a glomerulus is punctured 
and the adjoining single nephron perfused 
with a solution of high potassium concentra- 
tion. This solution is colored by the addition 
of T 1824 (Evans blue) to give asharp outline 
of the nephron and to indicate any excessive 
leakage of the perfusion fluid from puncture 
sites. A second micromanipulator is used to 
insert a fine-pointed glass capillary, filled with 
Ringer-agar, into the Jumen of the perfused 
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tubule, constituting the indifferent electrod 
Finally, a third manipulator permits one t 
insert the recording microelectrode intracellu 
larly. By this arrangement the effect of px 
tassium ions on the electrical potential diffe: 
ence between tubule lumen and cell inside | 
measured directly. Expressed differently, i 
is possible to test whether or not potassiu: 
ions placed within the tubule lumen enter th 
cell at the luminal border and discharge it 
negativity. Although more data are needed 
experiments performed in this way indicat: 
that the renal tubule cell is permeable ti 
potassium also at the luminal side, since in 
creasing depolarization can be observed whe 
the potassium content of the tubule lumen is 
raised in a stepwise fashion. 

Figure 3 contains a summary of transmem 
brane potentials of single renal tubule cells 
as measured in nonperfused and in perfused 
kidneys of Necturus. On the,left a summary 
is given of what has been discussed previously, 
demonstrating a normal mean value of —72 mV 
in the nonperfused kidney, and various de 
grees of depolarization effected by the admin- 
istration of Neohydrin and the development of 
ischemia. On the right is a summary of our 
data obtained in the perfused Necturus kid 
ney. So far, some 70 perfusions have been per 
formed. The mean of 427 intracellular impale 
ments gives an intracellular negativity of 64 
mV. Again, the addition of Hg”, as labeled 
Neohydrin, to the perfusion fluid reduces the 
cell potential. We have also performed perfu 
sions using a modified phosphate-Ringer, in 
which sodium was replaced by choline, and 
others in which sodium chloride was replaced 
by sucrose. Finally, we have substituted sul 
fate for chloride and observed a small degree 
of cell depolarization. However, considerably 
more depolarization was seen when sucrose 
was the main osmotic constituent, or in pal 
ticular when choline chloride was used. The 
depression of transcellular potentials by th 
latter substitution to the degree observed i 
noteworthy and, particularly in the case ¢ 
choline chloride, in contrast to observation 
made on nerve and muscle. Experimen‘ 
performed by Maizels and Remington’? o 
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mammalian kidneys may offer an explanation. 
These authors observed considerable penetra- 
tion of choline into renal cortical cells when 
slices were incubated in a low sodium-high 
choline chloride medium. It appears that cho- 
line penetrates kidney cells readily but cannot 
be extruded against a concentration gradient. 
These authors, as well as Whittam et al.," 
described a loss of sodium and potassium from 
kidney slices under these conditions, since 
both are displaced in the intracellular fluid by 
choline. Since we have previously observed 
that the transmembrane potential of single 
tubule cells depends on the concentration 
gradient of potassium ions, a depolarization 
would be expected under conditions of per- 
fusion in which most of the sodium ions have 
been replaced by choline. 

Figure 4 gives a summary of our results on 
transtubular potential differences. On the left 
is the mean of 25 measurements in nonper- 
fused kidneys. In all instances the tubule lu- 
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men was found to be negative with reference 
to the indifferent electrode, giving a mean of 
—20 mV (range: —8 to —30 mV). In contrast 
to the findings of Wilbrandt,!* we have never 
found the inside of more distal sections of the 
nephron to be electrically positive to the out- 
side. So far we have done only a few measure- 
ments across the distal tubule, all of which 
were approximately 15 mV more negative (i.e., 
mean —35 mV) than the mean value obtained 
from proximal transtubular measurements. 
Similar results on normal transtubular po- 
tential differences were obtained by a number 
of other authors. Of interest are the observa- 
tions of Kennedy,'* Schatzmann et al.,? and of 
Whittembury,? confirming our results ob- 
tained across normal tubules and showing that 
potential differences can be maintained across 
perfused single tubules of Necturus. 8. Sol- 
omon reported values ranging from -—19 to 
—39 mV across the proximal tubule in the rat, 
and significantly higher values interpreted to 
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Figure 4 
Summary of transtubular potential differences. The number of observations is indicated 
within the block diagrams.1>4 The value for DNP is that reported by Whittembury? 


and Solomon.?6 


have been measured across the distal tubule." 
Rector also reports similar values to those of 
S. Solomon for proximal transtubular poten- 
tial differences.® 

From inspection of figure 4 it also can be 
seen that removal of sodium chloride in the 
perfusion fluid (perfusion with a buffered su- 
erose solution) drastically reduces the trans- 
tubular potential. Essentially the same effect 
is observed when choline chloride is used. The 
addition of Hg”? as Neohydrin‘* and of 2,4- 
dinitrophenol (2 x 10 M) to the perfusion 
fluid when single tubules are perfused? is also 
effective in diminishing intratubular negativi- 
ty. Sulfate-substitution results in enhance- 
ment of transtubular negativity. 

An attempt will be made to present a con- 
cept of the origin of transcellular and trans- 
tubular potential differences. Our description 


of experimental results on a normal proximal 
tubule cell can be synthesized in terms of the 
diagram presented in figure 5. Certain key 
facts are significant in developing a theory of 
the origin of the observed electrical phe- 
nomena. First, the average transtubular poten- 
tial difference is 21 mV, the tubule lumen 
being negative with respect to the peritubular 
fluid. The transcellular potential difference 
varies between 50 and 75 mV. In figure 5 the 
mean value of —64 mV is indicated. There 
exists, therefore, a net potential difference 
between interior of cell and lumen of 43 mV. 
On the other hand, a potential difference of 
64 mV is maintained across the peritubular 
eell border. Secondly, renal tubular cells have 
a high concentration of potassium and a low 
concentration of sodium. Under the eonditions 
of our experiment, an approximate value of 
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10 mEq./L. for potassium and 30 to 50 mEq./ 
.. for sodium may be assumed. Thirdly, evi- 
lence will be presented to indicate that the 
vroximal tubule cells actively transport so- 
lium ions from tubule lumen to peritubular 
ljuid, while the transtubular movement of 
‘hloride constitutes a passive process.’® This 
s taken to indicate that the tubule cell must 
e permeable to these 2 ion species, a conclu- 
‘ion which is supported by a great number of 
»bservations made on kidney slices. By the 
same type of studies, considerable potassium 
permeability is also indicated.1*** 

In the following, a hypothesis is presented 
vhich seems to be compatible with most ob- 
servations. Let us consider the peritubular 
cell membrane first. The transcellular poten- 
‘ial difference maintained across the peritu- 
hbular cell membrane is close to that to be ex- 
pected from the concentration gradient for 
potassium across this cell membrane. Accord- 
ingly, it behaves like a potassium diffusion 
potential. Additional and independent evi- 
dence that intracellular negativity is indeed 
closely related to the transcellular potassium 
sradient is given by the previously described 
variation of the peritubular cell-membrane 
potential as a function of the potassium con- 
centration in the perfusion fluid. Taking a 
value of 90 mEq./L. for cell water as found 
in kidney samples of perfused preparations, 
ud 4.5 mEq./L. for extracellular fluid, an 
average ratio of 20 obtains for K,/K,. Using 
the Nernst equation, E “ae In =e 

F K, 
of 20 would correspond, at a temperature of 
25 C., to a membrane potential of —77 mV. 
While we have observed values as high as this 
latter value, the majority of our measurements 
vas lower (mean: —64 mV). There is no in- 
ormation available at present to account for 
‘his difference. As in other cell systems where 
similar deviations are well known, the possi- 
lity of cell injury at the site of impalement, 
f active potassium uptake!’ and of unequal 
\ctivity coefficients? cannot be excluded. How- 
‘ver, it seems more likely that the potassium 
selectivity of the peritubular, contraluminal 


, a ratio 
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Figure 5 


Model of renal tubular cell illustrating the hypo- 
thesis of the origin of renal tubular potential 
differences. The potential differences are the mean 
values observed in the perfused kidney of Nec- 
turus.4 Note a potential difference of 64 mV 
maintained across the peritubular, and one of 43 
mV across the tubular cell membrane. The length 
of the arrows indicates the relative permeabilities 
of sodium and potassium. The sodium extrusion 
mechanism is envisaged as being located at the 
cell membrane facing the peritubular fluid; potas- 
sium uptake is active at the luminal cell border. 


membrane of the tubule cell is incomplete in 
such a manner as to permit some sodium ions 
to leak into the cell interior along their con- 
centration gradient, thus partly discharging 
its intracellular negativity. 

The lower intracellular concentration of 
sodium and the finding that the proximal 
tubule normally pumps sodium out of the 
tubule lumen make it most reasonable to 
envisage the site of the active sodium extru- 
sion mechanism at the peritubular cell border 
(see also 7°). This would explain a compart- 
ment of low intracellular sodium concentra- 
tion interposed between tubular and peritubu- 
lar fiuid phase, into which sodium could 
diffuse passively along an_ electrochemical 
gradient. 

It is, at present, uncertain whether this 
sodium extrusion mechanism (carrier) shows 
linkage with potassium (sodium-potassium ex- 
change) or whether it incorporates an ex- 
change diffusion component (sodium-sodium 
exchange). The relatively high rate of sodium 
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efflux from the tubule lumen at the observed 
low net transfer rates,*> °° makes the latter 
an attractive possibility. 

Inspection of figure 5 indicates a potential 
difference of considerably smaller magnitude 
(43 mV) across the luminal cell membrane. 
Since the concentration of potassium is the 
same in tubular and peritubular fiuid,** the 
different electrical potential gradients cannot 
be caused by different concentration gradients 
of potassium ions across the respective cell 
membranes. Since we have seen that the pres- 
ence of sodium appears to be essential for the 
creation of the different potential gradients 
across the luminal and peritubular cell mem- 
branes, it seems logical to attribute an im- 
portant role to this ion. We favor the view 
that the luminal cell membrane has a higher 
permeability to sodium ions than the peritu- 
bular cell side. This would permit positively 
charged sodium ions to diffuse along their 
electrochemical gradient into the cell and to 
shunt partially the intracellular negativity at 
this site.* Obviously, the effectiveness of this 
luminal depolarization also depends on the 
separation of sodium from its anions. If, for 
instance, chloride would enter the cell as read- 
ily as sodium, the effectiveness of the latter 
in reducing the transmembrane potential 
would be abolished. 

A number of observations are consistent 
with the proposed cell model. Thus at the 
luminal cell side the observed transcellular 
potential is further removed from the potas- 
sium equilibrium potential than that at the 
peritubular cell membrane, indicating a 
higher degree of leakiness of this cell side to 
sodium. Another pertinent observation is the 
previously mentioned finding that complete 
removal of sodium from the perfusion fluid 

*If sodium and chloride move passively at the 
luminal cell border, the driving forces acting on these 
ions are not identical: sodium ions move along an 
electrical as well as along a chemical potential gradi- 
ent, while the movement of chloride ions occurs 
against a sizable electrical gradient of 43 mV. In 
the absence of an active chloride transport system, 
the driving force for chloride movement would be 


furnished by the concentration gradient for chloride 
between tubule fluid and cell water. 
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results in reduced transtubular potential 
differences. It should also be recalled in this 
connection that the rapid loss of sodium from 
kidneys exposed to a low sodium medium is 
quite consistent with an unusually high degree 
of sodium permeability of kidney cells. It 
seems logical to locate the main site of this 
sodium leakage at the luminal cell membrane 
and not at the peritubular cell side where the 
observed potential difference deviates much 
less from the potassium equilibrium potential 
and hence precludes such a high degree of 
permeability to sodium.* 

Essentially then, the luminal transmem- 
brane potential would consfitute a potassium 
diffusion potential similar to that at the peri- 
tubular cell side but significantly modified by 
an opposing sodium diffusion potential caused 
by a higher degree of sodium permeability at 
the luminal cell surface. 

It should be stressed that the contribution 
of the potassium diffusion potential at the 
luminal cell membrane is envisaged to be 
greater than that of the sodium diffusion po- 
tential, since the cell inside is negative with 
respect to the tubule lumen. Two experimental 
findings are consistent with this view: first, 
the previously described sensitivity of the 
luminal potential difference to changes in 
intratubular potassium concentration, and 
second, the relative insensitivity of the same 
potential difference to variation in the sodium 
concentration within the tubule. Thus, Whit- 
tembury,* in perfusion studies with choline 
chloride on single proximal tubules, showed 


*The observed reduction of transtubular and trans- 
cellular potential differences by mercurials is con- 
sistent with the observation made by others that mer- 
curials inhibit proximal sodium chloride transport” 
in vivo, and in vitro lead to sodium gain and potas- 
sium loss in renal tissue. Inhibition of the active 
sodium extrusion mechanism™” or increased passive 
sodium permeability” would explain the loss of cell 
polarization. Again, reduced transfer rate of positive 
charge out of the tubule would depress intratubular 
negativity. Furthermore, the depression of water and 
solute transfer across the proximal tubule of Necturus 
by 2, 4-dinitrophenol® and the simultaneous reduction 
of its transtubular potential difference® * indicate the 
relationship between sodium movement and intra- 
tubular negativity. 
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uat significant reduction of the transtubular 
otential difference occurred only when the 
itratubular sodium concentration had reached 

value of about 10 mEq./L. It should be 
ointed out that in terms of the total luminal 
otential difference, the degree of shunting 
ccomplished by sodium is relatively small 
nd that the potassium diffusion potential 
ceordingly dominates in its role as determi- 
iant factor in the creation of the luminal po- 
ential difference. 

Micropuncture studies performed by Bott** 

udicate that in Necturus there is a net re- 
bsorption of potassium across the proximal 
ubule amounting to some 30 per cent of the 
iltered quantity. This movement occurs 
against an electrical gradient of 20 mV and 
in all probability constitutes active transport. 
Since the peritubular potential difference is 
much closer to the equilibrium potential gen- 
erated by the concentration gradient for this 
ion than the luminal potential difference, it 
‘follows that, as Whittembury has pointed out,* 
ihe normal value for intracellular potassium 
is considerably in excess of that required for 
(diffusional equilibrium across the luminal cell 
membrane. Stated differently, this smaller 
electrical gradient of 43 mV would be insuffi- 
client to prevent potassium leakage into the 
tubule lumen. A steady state can be main- 
tained only if the deficiency in inward flux is 
compensated by an inward pumping mechan- 
ism which, for this purpose, must operate to 
vive an inward potassium movement of the 
same magnitude as that due to an electro- 
hemical potential of —20 mV.* Important 
‘onsiderations regarding the role of transcel- 
ular and transtubular potential differences, 
s far as the movement of hydrogen ions is 
oneerned, have been presented by Pitts.?8 

In summary, it can be stated that the proxi- 
ial tubule cell appears to possess, in principle, 
iembrane elements for ionic movements 


*It is to be expected that this process of active 
otassium uptake at the luminal cell border also con- 
ributes to the lowering of the luminal transcellular 
otential difference, since such carrier-mediated potas- 
ium influx is opposed to the potential-generating out- 
yard movement of potassium. 
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which are similar to those in nerve, muscle, 
and other cells effecting a net transport of ions. 
These include an active sodium extrusion 
mechanism (possibly coupled with potassium 
uptake) about which, as in other systems, 
little is known, a passive potassium-selective 
diffusion element, and a sodium-selective dif- 
fusion element. In nerve and muscle, the 
sodium-selective element is activated only for 
milliseconds. In the frog-skin, Koefoed-John- 
sen and Ussing*®: *! showed that it is spatially 
completely separated from the potassium-per- 
meable element. The proximal renal tubule cell 
seems to take an intermediate position in such 
a way that a potassium-selective diffusion ele- 
ment is dominant at both cell membranes, but 
the situation is modified by the presence of a 
significant sodium-selective diffusion element 
and possibly by active potassium uptake at 
that cell membrane which faces the tubule 
lumen. 


Ion Flux Measurements on Single Renal Tubules 


The rest of this presentation will be devoted 
to a discussion of some experimental results 
obtained by microperfusion of single proximal 
tubules in Necturus. The method of microper- 
fusion of single tubules was originally intro- 
duced by A. N. Richards and Walker.*? It 
has recently been modified, extended and suc- 
cessfully employed for the quantitative study 
of a number of problems of transtubular water 
and solute transfer by A. K. Solomon and his 
associates.** Briefly, it consists of the deposi- 
tion between oil of a small amount of fluid 
of known composition in a tubular segment, 
its withdrawal after a known time interval, 
and comparison with its original composition. 

These methods have recently been employed 
to study some aspects of sodium and chloride 
transport across the proximal tubule.’® *5 Sev- 
eral lines of evidence may be cited in favor 
of active proximal sodium transport in Nee- 
turus. First, net sodium movement occurs 
against an electrical potential gradient of 
some 20 mV. 2: 25,26 Second, as Windhager 
et al. have shown,*4 sodium movement also 
occurs against a sizable concentration gradient 
when a mixture of sodium chloride and manni- 





Table 1 
Flux Measurements and Flux Ratios of Chloride 


in the Perfused Proximal Tubule of Necturus* 





5 Net 
Exp. CP/IP CP/IP Efflux Influx flux 
no. Inulin cre uuEgq. Cl em.~? sec.+ M,/M, 





—_ 


1.18 0.164 370 338 32 1.10 
1.14 0.099 463 436 27 1.06 
1.32 0.210 325 275 50 1.18 
1.67 0.074 497 415 82 1.20 
1.19 0.100 457 425 32 1.08 
1.25 0.486 172 131 41 1.31 
1.40 0.109 432 374 58 1.16 
1.36 0.430 202 148 54 1.36 
9 1.19 0.409 200 168 32 1.19 
Means 346 301 45 1.18+0.1 


“1G Ct wm Co bo 


wo 





*Flux measurements CP/IP refer to the ratio C" 
inulin concentration in collected perfusate/C“ con- 
centration in injected perfusate. The same applies 
for Cl* CP/IP ratios. 


tol is deposited within the lumen of the proxi- 
mal tubule. Finally, experiments carried out 
by Whittembury and his associates*® have in- 
dicated such a permeability of the proximal 
tubule wall to water as to preclude the 
normally occurring colloid osmotic pressure 
difference from playing a significant role in 
proximal fluid reabsorption in Necturus. 

As far as the reabsorptive chloride move- 
ment is concerned, it appears possible that it 
constitutes a passive process downhill along 
a transtubular electrical potential gradient. 
However, such downhill movement per se does 
not exclude the possibility of active chloride 
transport. A means of quantitating the rela- 
tionship between electrochemical potential 
gradient and ion movement was given inde- 
pendently by Teorell®* and Ussing.** The ad- 
vantage of their approach consists in the fact 
that all driving forces acting upon an ion 
species under consideration can be measured 
and related to observed ion fluxes. In our 
specific instance of chloride transfer across 
the proximal tubule, we were particularly 
interested in whether the known electrical 
asymmetry could quantitatively account for 
the observed chloride fluxes, or whether an 
additional driving force had to be invoked. 

In order to obtain direct information about 
bidirectional chloride movement, perfusion 
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studies on single proximal tubules of Necturus 
were performed in collaboration with Dr 
Windhager.’® Results are summarized in tabl. 
1. Net water movement across the proxima 
tubular wall was estimated by the use of C1 
labeled inulin; the fact that all ratios excee 
unity indicates significant fluid reabsorption 
Chloride*® was added to the perfusion fluix 
and its radioactivity compared with that o 
the collected fluid (column 3). In a numbe 
of experiments, chemical chloride experiment 
were also done on the collected perfusate an 
the plasma, using Ramsay’s second electro 
metric titration method.** We did not fin 
a significant difference of*chloride concentra 
tions between collected perfusate and plasma 
For the calculation of chloride efflux we hav 
used, in essence, an equation developed b; 
Curran and Solomon.*® We have estimated 
the net movement of chloride from the chemi 
cal chloride concentration and the amount o! 
fluid reabsorbed, the latter being measured 
by the inulin concentration ratios. Data on 
influx were derived from the measured efflux 
and net flux values. 

The efflux values found averaged 346 ppEq. 
em. sec.-!, those for influx 301 pyuEq. em. 
sec.-1, There is apparently a considerable vari- 
ability between individual tubules, yet the 
ratio of efflux/infiux is fairly constant. In a 
similar series of experiments, reported by 
Oken et al.,2> a value of 266 pywEq. em. sec." 
was found for sodium efflux and 204 pyEq. 
em.~ sec.-! for sodium influx. Both these re 
sults indicate that net movement of chloride 
and sodium constitutes only a relatively smal! 
fraction of the total efflux. Stated differently, 
it means that proximal tubular rate of turn 
over for sodium and chloride is quite high. 

Using a mean transtubular potential differ 
ence of 20 mV, as found by Schatzmann et al.,° 
by us,'}* and by Whittembury,’ across nor- 
mal and perfused proximal tubules of Nec 
turus, a calculated flux ratio of 2.14 is ob 
tained (fig. 6). The fact that the calculated 
flux ratio is greater than the observed one o! 
1.18 indicates that the usual driving force 0! 
20 mV readily accounts for the measured flux 
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CALCULATED: 


=2.14 


Figure 6 
Summary of observed and calculated flux. ratios 
assuming a transtubular potential difference of 
-20 mV. For further explanation, see text. 


asymmetry. We interpret this finding as evi- 
dence for passive chloride movement across 
the proximal tubule along the electrical po- 
tential gradient. 

Since the observed flux asymmetry is smaller 
than that to be expected on the basis of a 
20 mV potential difference, it seems possible 
that part of the observed chloride movement 
is due to exchange diffusion. Levi and Ussing*® 
first suggested such a mechanism, the essence 
of which is that part of an observed ion move- 
ment is independent of the electrical field and 
equal in both directions, thus not affecting 
net transport. This would essentially apply 
to that part of the chloride which moves in 
a bound, electrically uncharged form and is, 
‘onsequently, not affected by the 20 mV driv- 
ng potential. Similar situations for sodium 
ind chloride appear to apply for a variety 
f biologie membranes, such as gastric mu- 
‘osa,*!) 42 the large intestine of the frog,** 
nusele,#4 and erythrocyte.* 

A schematic representation of such a pos- 
ible partition of chloride fluxes is shown in 
igure 7. The diagram also includes for com- 
varison the values for bidirectional sodium 
luxes as reported by Oken et al.2> A tubular 
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266 ppEq/cm 2/sec ! 


ACTIVE 204 ppEq/cm 2/sec 





Figure 7 
Mean of flux measurements across single proximal 
tubules of Necturus. The values for chloride’ are 
fractioned into a passive and exchange diffusion 
component. Values for sodium fluxes are those of 
Oken et al.?4 


negativity is indicated at the left. This 
20 mV constitutes the driving force for that 
portion of free chloride movement which is 
passive and which is represented by the 
straight arrows in the lower part of the 
graph. Cooperstein and Hogben** have given 
a similar schema for the large intestine of the 
frog, where flux discrepancies similar to those 
to be expected from the spontaneous potential 
and free chloride movement were observed. 
Following their calculation, our data would 
indicate that the larger part of the chloride 
movement occurs by this latter mode of 
transfer. This part of the chloride movement 
by exchange diffusion, being independent of 
the electrical potential, is visualized in the 
upper part of the diagram by the large circle, 
signifying no net movement. The data pre- 
sented do not allow us to estimate the contri- 
bution of solvent drag on chloride movement. 
Additional data will be needed to settle this 
point which does not, however, materially af- 
fect the main conclusion of a passive nature 
of transtubular chloride movement. 

In summary, experimental technies for the 
measurement of stable electrical potential 
differences across single renal tubular cells 
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and across single tubules are described. They 
indicate that the inside of the tubule lumen 
is normally electrically negative to the out- 
side and that the interior of the cell is nega- 
tive with respect to both the peritubular fluid 
and the tubular lumen. It is suggested that 
these potential differences are created by the 
formation, within the cell, of an area rich 
in potassium and relatively low in sodium. 
An active sodium extrusion mechanism is 
located at the peritubular cell membrane, the 
latter being relatively less permeable to sodi- 
um than the cell membrane facing the tubule 
lumen. It is further suggested that the pas- 
sive diffusion of sodium at a higher rate than 
chloride, and the active potassium uptake 
from the tubule lumen into the cell, partially 
shunt the potential difference across the cell 
and at the same time render the inside of the 
tubule electrically negative. Since the net 
reabsorptive movement of sodium across the 
proximal tubule occurs against an electrical 
gradient, it is an active process. The electrical 
gradient caused by this extrusion of posi- 
tively charged sodium ions is oriented in such 
a way as to account quantitatively for pas- 
sive reabsorptive movement of chloride out 
of the tubule. Perfusion studies of single 
proximal tubules demonstrate a high rate of 
turnover of both sodium and chloride, indi- 
eating that the net movement of these ions 
is only a relatively small fraction of the uni- 
directional fluxes. 
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Ion Exchange Mechanisms in the Nephron 


By Rosert W. Beruiner, M.D. 


Accumulating evidence favors the view that in biologic systems, the active transport of 
strong electrolytes involves coupled exchanges of ions, usually of sodium for potassium. 
In the present paper, the author considers the renal exchange of potassium, sodium and 
hydrogen in this light, and reviews current concepts concerning the mechanisms involved 
in the secretion of these ions by the kidney. He indicates that new investigative technics 
will be required to establish that the kidney behaves with respect to coupled ion exchanges 
as do nerves, red blood cells and frog skin. He concludes by cautioning against extrapola- 
tion of experimental results from one species to another. 


HE TITLE ‘‘Ion Exchange Mechanisms 
7 i the Nephron’’ permits a more or less 
wide range of subject matter depending upon 
the interpretation of the phrase ‘‘ion exchange 
mechanisms.’’ This presentation will be con- 
cerned with a few aspects of the processes 
involved in the exeretion of acid and potas- 
sium, which are the processes which have been 
shown to result in the replacement of 1 ion 
in the urine by another. However, as knowl- 
edge increases concerning the transport of 
strong electrolytes generally, the evidence in- 
creasingly favors the concept that all such 
active-transport processes involve coupled ex- 
changes—usually of sodium for potassium. At 
least such exchanges appear to be implicated 
in nerve,! in red blood cell? and in frog 
skin,? and it seems reasonable to expect that 
when adequate investigative technics have 
been devised for the more definitive study of 
renal tubular processes, similar mechanisms 
will be encountered. Indeed, the carrier mech- 
anism now widely adopted as the model for 
ion transport implies ion exchange.* 

With respect to potassium excretion, no at- 
tempt will be made to review the entire field ; 
certain aspects related to relatively recent 
work will be considered. One of these aspects 
concerns the site and extent of potassium re- 
absorption in the tubule. While very little 
is known about the mechanism concerned in 
this process and it is not, strictly speaking, 
one which can be identified with the ion 
exchange processes, some knowledge of the 
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reabsorptive process is essential for the evalu 
ation of the secretory sodium-potassium ex 
change, since only the difference between r 
absorption and secretion can be measured. 1) 
quantify secretion, it is first necessary to as 
sign some value to reabsorption. Gilman was 
the first to propose that reabsorption of potas- 
sium was equal to the filtration of potassium- 
that is, that the filtered potassium was com- 
pletely reabsorbed before the potassium des- 
tined for excretion was added by secretion. 
At the time, 10 or 12 years ago, this seemed 
a rather unlikely possibility ; but as time has 
passed and more data have been accumulated, 
it first became useful to adopt this as a work- 
ing hypothesis,® and then as a view for which 
there is a considerable body of experimental 
evidence. 

The evidence for this view is based largely 
on 2 phenomena: first, the dependence of the 
excretion of potassium on the excretion of 
sodium and second, the lack of relationship 
between the glomerular filtration rate and the 
excretion of potassium when the excretion o! 
sodium is maintained. Although earlier data 
illustrating the dependence of the excretion 
of potassium on the excretion of sodium wil! 
be considered later, the most striking demon 
stration of this phenomenon is to be seen i 
stop-flow studies. 

Figure 1, taken from some recent studie 
by Jaenike and Berliner,’ shows the usue 
pattern of electrolyte concentrations in sto} 
flow studies. In this particular instance th 
first few samples collected, shown at the lei 
of the figure, differ from the usual because i: 
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; Figure 1 
Stop-flow pattern obtained during mannitol diuresis in the dog. The dead space had been 
filled with mineral oil.’ First specimens collected appear at the left of the figure. (Re- 
published by permission of the Journal of Clinical Investigation.’ ) 
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these studies the pelvic dead space was filled 
with oil. The first samples, therefore, differ 
from free flow because they are derived from 
the tubule system and have been modified 
during the period of stop-flow. This is not 
important for present purposes, but will ex- 
plain the different appearance of these data 
from the figures of Vander, Sullivan, Malvin, 
and Wilde.® 1° With this exception, the pat- 
tern of potassium concentration seen here does 
not differ significantly from that previously 
published by others.» The concentration of 
potassium shows a minimum in samples which, 
from their very low concentrations of sodium 
and chloride, are identified as having so- 
journed in distal tubules during the period 
of stop-flow. This low potassium concentra- 
tion might be due to reabsorption of potassi- 
um at the indicated site. However, the samples 
from that site must traverse the remainder 
of the tubule system before they are collected 
and the more distal parts of the tubule cer- 
tainly can and do secrete potassium.® 1° The 
low concentrations of potassium might also 
be interpreted as being due to failure to 
secrete potassium into those particular sam- 
ples. There is a logical explanation for this 
possibility in that they contain virtually no 
sodium to be exchanged for potassium. These 
2 explanations have been distinguished in 
experiments by Walker and Cooke and their 
associates at Johns Hopkins.’! The results 
of these experiments very clearly indicate 
that the latter interpretation is correct, that 
is, that the low potassium concentrations are 
due to inability of the more distal parts of 
the tubules to add potassium to the virtually 
sodium-free distal tubule samples. The experi- 
ments were done using a modification of the 
stop-flow technic devised by Murdaugh and 
Robinson.'* This modification consists of in- 
terrupting the stop-flow at the end of 4 min- 
utes to permit samples from 1 site to move 
down to another. Flow is then stopped for an 
additional 4 minutes, following which the 
usual type of collection is made. If, during 
the interruption of stop-flow, about 3 or 4 ml. 
is permitted to escape from the tubules, most 
of the high potassium samples leave the tu- 
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bules and the low sodium—low potassiur 
samples are moved into the region in whic! 
potassium concentration was previously hig] 
When the pattern from this second occlusio 
is examined, there is no distal potassium peak 
Furthermore, if the secretion of potassium 
is markedly enhanced by the administratio 
of the carbonic anhydrase inhibitor, acet: 
zoleamide, the marked distal peak observe 
in the initial collection is still obliterated ; 
the second part of the interrupted stop-floy 
On the other hand, if chlorothiazide is use 
so that the minimal concentration of sodiw 
in distal tubule samples is much higher, tho 
potassium peak, although somewhat reducec. 
is still present. The question arises whether 
the failure to observe a potassium peak during 
the second occlusion does not stem from either 
damage to, or exhaustion of, the secretory 
mechanism during the prolonged period of 
stop-flow. This problem was tested by per- 
mitting 8 to 10 ml., rather than 3 to 4 ml., to 
escape between occlusions so that the low 
sodium samples could move out of the tubules; 
the results indicate that under this cireum- 
stance the potassium peak in the second occlu- 
sion was indistinguishable from the first. 
Several conclusions can be drawn from 
these observations: (1) potassium can be 
secreted only into fluids which initially con- 
tain sodium; (2) the potassium minimum in 
stop-flow experiments owes its localization 
primarily to the absence of sodium in the same 
samples. Had the urine, in the moments pre- 
ceeding stop-flow, arrived at this site already 
freed of potassium but not of sodium, the re- 
sult would be exactly that observed. Both 
more distal and more proximal samples would 
contain higher concentrations of sodium and 
therefore gain potassium in passing the secre- 
tory site after reinstatement of flow, while 
those around the sodium concentration min’- 
mum would remain free of potassium. It can 
be concluded, concerning the site of potassiu": 
reabsorption, that it may be at the regic’ 
which is marked by the low concentratioi s 
of potassium in stop-flow patterns, but it ma” 
also be anywhere proximal to it. Furthe’- 
more, the concentration of potassium in thes: 
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yw potassium samples reveals nothing about 
ow much potassium was left in them by the 
eabsorptive process, since they subsequently 
ain potassium while passing the secretory 
ite. If some intervention, such as the admin- 
stration of chlorothiazide or the infusion of 
alfate, results in a higher concentration of 
otassium in the low potassium samples, it 
oes not warrant the conclusion that the reab- 
wrption of potassium has been inhibited ;* 7% 
iis reservation is particularly pertinent if 
he intervention increases the concentration 
f sodium in these samples, in which case it 
‘ill enhance their capacity to accept potas- 
ium after flow is reinstituted. As a matter 
f fact, data to be presented shortly, much 
f it derived after just such interventions, 
trongly support the view that even under 
(hese conditions all of the filtered potassium 
is reabsorbed. 

It is apparent from the data already con- 
sidered that in some tubule segments all, or 
nearly all, the potassium can be reabsorbed. 
However, this reabsorption, which occurred 
during the relatively prolonged stasis of stop- 
flow, might not occur during free flow. The 
data of Davidson, Levinsky, and Berliner™ 
show that the same extensive reabsorption of 
potassium does occur in free flow. The perti- 
nent experiments involved the separate col- 
lection of urine from each kidney of the 
(rained, unanesthetized dog which had been 
previously prepared by a _ bladder-splitting 
procedure.® At appropriate times the filtra- 
‘ion rate in the right kidney was reduced by 
inflation of a cuff previously placed around 
he right renal artery and connected to the 
utside by a fine polyethylene catheter.!® This 
nade it possible to use the left kidney as a 
ontrol for the right and thus to compensate 
or changes with time in the excretion of po- 
assium from the control kidney. When no 
ttempt was made to provide a high rate of 
dium excretion, reduction of the filtration 
ate produced a sharp drop in sodium excre- 
ion and with it a marked, although lesser, 
rop in potassium excretion. This is illustrated 
u figure 2. Since sodium excretion frequently 
ell to quite low levels, the results were con- 
istent with the interpretation that the ob- 
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served effect was due, not primarily to the 
change in filtered potassium, but to the de- 
crease in the sodium available for exchange 
with potassium in the more distal parts of 
the nephron. 

Accordingly, measures of various sorts were 
taken to increase sodium excretion to such 
an extent that a high rate of sodium excretion 
was maintained even when glomerular filtra- 
tion was reduced. The procedures which were 
used were the administration of the mercurial 
diuretic, salyrgan, the carbonic anhydrase 
inhibitor, acetazoleamide, and the poorly re- 
absorbed anion, sulfate, in the form of so- 
dium sulfate. The result obtained, as shown 
in figure 3, was independent of the procedure 
used to maintain sodium excretion. Reduction 
of glomerular filtration rate by up to 35 per 
cent was entirely without effect on the excre- 
tion of potassium, although sodium excretion 
fell to an extent equal to or greater than the 
reduction of filtration rate. The excretion of 
potassium was maintained at the same level 
as in the control kidney whether that level 
represented only 15 to 20 per cent of the con- 
current rate of filtration of potassium at the 
glomeruli, as was frequently the case when 
salyrgan was administered, -or, as was usual 
when acetazoleamide was used, when the rate 
of excretion of potassium exceeded the rate at 
which it was filtered. The only reasonable in- 
terpretation of these data is that the filtered 
potassium makes no appreciable contribution 
to that excreted in the urine. If only a few 
per cent of the filtered potassium were ex- 
creted, the total excretion of potassium should 
have been detectably modified by the change 
in filtration rate. It should also be noted that 
the data can be explained only if the reab- 
sorption precedes the secretion. 

The data derived from micropuncture stud- 
ies are the only ones which pertain directly 
to the localization of the site of potassium 
reabsorption. These data are conflicting. Wirz 
and Bott," in the only micropuncture study 
of potassium in the mammal, found that in the 
rat the concentration of potassium fell mark- 
edly in the first half of-the proximal tubule. 
At about the same time, Bott also found 
that the concentration of potassium was 
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Figure 2 
Potassium (left) and sodium excretion (right) during reduction of the glomerular filtra- 
tion rate in dogs in which no attempt was made to maintain sodium excretion. Ordinate: 
ratio of potassium or sodium excretion of the right (experimental) kidney to that of 
the left (control) kidney; Abscissa: ratio of inulin clearances right kidney to left kidney. 
Open symbols: control periods (before inflation of cuff on right renal artery); Solid 
symbols: experimental periods. (Republished by permission of the Journal of Clinical 


Fnvestigation."4 ) 


markedly reduced in the proximal tubule of 
Necturus.'* But, subsequently, using different 
and probably more reliable methods, Bott did 
not find an appreciable reduction in the con- 
centration of potassium in the proximal tu- 
bule of Necturus.!® Nevertheless, in view of 
the opposing electrical potential,?° even the 
maintenance of an unchanged concentration 
requires active transport of potassium (or a 
very considerable solvent drag effect) ;! 
otherwise, if active transport were not in- 
volved, the potassium concentration should 
rise to almost twice that in plasma in order 
for the chemical gradient to balance the elec- 
trical gradient. It may be, then, that reab- 
sorption of potassium is completed in some 


more distal segment, but for the reasons 
stated earlier, the site cannot be identified 
by the stop-flow technic. 

The recent observations of Hilger, Kliimper 
and Ullrich? based on microcatheterization 
of the hamster papilla, have suggested, al 
though they did not unequivocally establish 
that potassium secretion occurs in the col 
lecting ducts. Data from the stop-flow experi 
ments of Jaenike and Berliner’ suggest tha 
the same is true in the dog. However, it shoul: 
be pointed out that the secretion of potassiun 
cannot be confined to the collecting ducts bu’ 
must, in large measure, be contributed by cor 
tical portions of the nephron. It is not difficul: 
to produce, and maintain over extended pe 
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jods, potassium clearances twice the rate of 
lomerular filtration, which in the dog would 
ie about half the renal plasma flow. Since, 
arring synthesis by the kidney, no substance 
an long be cleared at a rate exceeding the 
lood flow, this means that the potassium se- 
retory site must receive a flow of blood which 
an supply the requisite potassium. Even as- 
suming that there is no reabsorption of the 
iltered potassium, and disregarding the prob- 
ible relative exclusion of potassium from the 
medulla by the countercurrent flow of the 
blood, the most generous estimates of medul- 
lary blood flow would not include enough po- 
tassium to supply the secreted potassium. 
Similar considerations probably also apply to 
the availability of ammonia precursors to the 
‘ollecting ducts, but the necessary data for 
the ealeulation are less easily obtained. 
There is little information concerning the 
mechanism by which the potassium-sodium 
exchange is accomplished. It appears not un- 
likely that potassium-sodium exchange under- 
lies the sodium extrusion mechanism which 
characterizes virtually all animal cells. How- 
ever, except for the red blood cell, potassium 
seems to be close to electrochemical equilib- 
rium?’ in those cells that have been studied. 
This may be due to a high permeability to 


potassium which enables potassium to be dis- * 


tributed in such a way that there is little 
departure from an electrochemical potential 
gradient of zero. The known low permeability 
of the red blood cell to cations will adequately 
explain its departure from the behavior of 
other cell types. In the case of membranes 
such as frog skin and renal tubule epithelium, 
which perform oriented transport, there is an 
additional requirement for a differential per- 
neability of the 2 surfaces of the cell facing 
he exterior and interior of the body. This is 
ssentially the model of Ussing and Koefoed- 
fohnsen,? in which potassium is close to 
lectrochemical equilibrium across the inward- 
acing surface of the cell, but not across the 
utward-facing surface which has a low per- 
.eability to potassium. The common sensitiv- 
ty of all the sodium-potassium transport 
nechanisms, including that of the renal tu- 
ules, to strophanthidin and other cardiotonic 
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steroids suggests, as pointed out by Orloff and 
Burg,** that a similar sodium-potassium ex- 
change process at the basal surface of the 
tubule epithelial cells underlies the monova- 
lent electrolyte transport systems of the renal 
tubules. Whether or not any additional proc- 
ess is required to explain the secretion of po- 
tassium into the urine is uncertain, since the 
value of the electrical potential gradient be- 
tween tubule lumen and peritubular fluid has 
not been measured at the right place and un- 
der the right conditions. However, the con- 
centration ratio (urine to interstitial fluid) 
for potassium probably rarely exceeds 20 or 
30 and the required 80 to 100 mV may well 
be present at these times. It should be noted 
that so long as the cell membranes are per- 
meable to chloride, and chloride is present in 
appreciable concentration in the lumen, there 
would be a continuous flow of chloride from 
lumen to the peritubular fluid. This current 
of chloride ion would short-circuit the poten- 
tial, keeping it relatively low and tending to 
suppress the accumulation of potassium in the 
lumen. 

Although there is some virtue in simple 
hypotheses, the fact that a relatively simple 
model to explain net sodium-potassium ex- 
change can be devised does not mean that 
nothing more is involved. One circumstance 
that makes this model seem incomplete arises 
in consideration of the problem of acidifica- 
tion. The ratio of hydrogen ion concentration 
in urine to that in plasma may reach 1,000 or 
more and a transtubular potential of 180 mV 
or more would be required to establish such 
a gradient passively. This suggests, although 
it does not prove, the existence of some more 
specific exchange mechanism, presumably at 
the luminal face of the cell as proposed in 
the model of Pitts’ (fig. 4). The addition of 
such an exchanger to the model would account 
for the exchange of potassium for sodium and 
explain the competitive relationship between 
potassium and hydrogen ion,® a phenomenon 
which is a little more difficult to fit in with 
the simple model of a single pump. 

In the further consideration of hydrogen 
ion exchange, a problem of definition exists. 
It has been fairly generally accepted that the 
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Figure 3 
Potassium (left) and sodium excretion (right) during reduction of the glomerular filtra- 
tion rate in dogs with maintained sodium excretion from the experimental kidney. See 
legend figure 2. (Republished by permission of the Journal of Clinical Investigation.14) 


reabsorption of bicarbonate and the forma- 
tion of titratable acid are effected by the se- 
cretion of hydrogen ion in exchange for so- 
dium (fig. 5).*?5?° The secreted hydrogen 
ion is assumed to combine with bicarbonate 
to yield carbonic acid which in turn yields 
CO. and water which may diffuse from the 
urine. There has been little direct evidence 
to support this view, but because this unitary 
hypothesis is simplest and there is no evidence 
to the contrary, it seems expedient to retain 
it. This view has, indeed, been somewhat 


strengthened by the recent findings of Go't- 
schalk and Giebisch and their respective asso- 
ciates** * that the pH of proximal tubu!e 
urine in the rat does not, as had long bee: 
considered to be the case, remain the same 


that of plasma. Instead, it is lowered appre- 


ciably. Thus, one assumed difference betwe: 
bicarbonate reabsorption in the proximal, ai 
acidification in the distal tubule has be: 
largely eliminated from consideration. 01 
little-recognized consequence of the conce 


that bicarbonate reabsorption is effected b.’ 
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cogen-sodium exchange is that consider- 

more hydrogen ion is secreted in the 

<imal tubule where most of the bicarbon- 

is reabsorbed than in the more distal re- 

is where the extremes of acidity are 

‘hed. This consequence is made all the 

e one-sided by the observation that bicar- 

ite concentration, as well as volume flow, 

educed in the proximal tubule. 

me other very interesting consequence 

ch may make possible the experimental 

fication of the hypothesis has been pointed 

by Walser and Mudge.”® It can be caleu- 

d that if proximal bicarbonate reabsorp- 

| involves the formation of carbonic acid 

its subsequent dehydration to carbon di- 

le, as would be the case with hydrogen ion 

‘etion, the latter step can proceed at a 

te equal to the rate of bicarbonate reabsorp- 

tion only if: (1) there is carbonic anhydrase 

in the surface of the proximal tubule cells so 

that the reaction of carbonic acid to COs and 

water in the lumen is catalyzed; or (2) there 

is appreciable accumulation of carbonic acid 

in the fluid in the tubule—enough to bring the 

pli down approximately 1 pH unit below 

its equilibrium value. Unfortunately, the type 

of pH measurement which has been made, 

since it involves withdrawal or at least iso- 

lation of an element of fluid, does not exclude 

(although it does make it improbable) the 

possibility that the pH of the fluid in situ is 

as low as required by hydrogen ion secretion 

in the absenee of carbonic anhydrase. In the 

interval required to do the analysis, uncata- 

lyzed dehydration of carbonic acid might have 
d the pH to the observed value. 

ie third effect of hydrogen-sodium ex- 

ge is the accumulation of ammonia in the 

ified urine. The process is believed to in- 

» the formation of ammonia from appro- 

te precursors in the cell of the renal tu- 

and the diffusion of the nonionic am- 

iia, that is NH, into the urine; in the 

ie it combines with hydrogen ion to form 

nonium ion‘to which the tubule cell is 

sumed to be'relatively impermeable. There 

those who prefer to believe that the ex- 

‘ion of ammonium ion involves direct ex- 
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TUBULAR URINE DISTAL TUBULE CELL PERITUBULAR FLUID 


pH:46 pH:74 


Figure 4 
Schematic representation of distal tubule exchange 
mechanisms. (Republished by permission of the 
American Journal of Medicine.?) 


change of ammonium and sodium ions.®® *! 
This view, however, fails to account for one of 
the most striking features of ammonia excre- 
tion (at least in man and in the dog)—its 
dependence upon the pH of the urine.** *% 
The argument advanced that glutamine hy- 
drolysis yields, at the pH within cells, gluta- 
mate and ammonium ions*! is without cogency 
since even if free ammonia is formed, it must 
be considered to be instantaneously in equi- 
librium with its ionic form which greatly 
predominates at all physiologic pH’s. This 
has, however, little bearing on the form in 
which the ammonia crosses the cell membrane. 
With regard to the latter question there is 
a very considerable body of evidence indicat- 
ing that cell membranes are very much more 
permeable to nonpolar, nonionized substances 
than to their ions. 

In closing, it seems warranted to mention a 
need for some caution in accepting data ob- 
tained in rats as quantitatively applicable to 
all mammals. While it is unlikely that similar 
mechanisms in different species differ in their 
qualitative nature, and indeed we have reason 
to hope that the fundamental similarities of 
transport mechanisms extend from tissue to 
tissue as well as from one animal type to an- 
other, nevertheless, it may be misleading to 
extend quantitative considerations from one to 
another. This is well illustrated in some of 
the disagreements concerning the determi- 
nants of ammonia excretion. These disagree- 
ments have certain of the features of the old 
story about the blind men and the elephant. 
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Figure 5 


TUBULE CELL 


Schematic representation of hydrogen-sodium exchange and its effects on the composition 
of fluid in the tubule lumen. 


Those who have studied ammonia excretion 
in the rat have been impressed with the 
marked and easily demonstrable increases in 
the glutaminase activity of the renal cortex, 
which over any relatively extended period are 
highly correlated with the rate of ammonia 
excretion.®® *4 However, adaptation to acido- 
sis in the dog is not associated with any such 
change in glutaminase activity,®° and in this 
species the relationship of ammonia excretion 
to the pH of the urine is much more striking 
and reproducible.**:** Furthermore, the in- 
crease in ammonia excretion, which occurs in 
rats along with an increase in glutaminase 
activity in response to carbonic anhydrase in- 
hibitors, is absent in both dog®® and man. 

It is important, therefore, to extend the 
basis of our knowledge over as wide a range 
as possible and, particularly with regard to 
quantitative aspects, to hold some reserva- 
tions, until our investigations have been ex- 
tended to the specific cireumstances concern- 
ing which we wish to draw conclusions. 
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Stop-Flow Studies on Ion 
and Water Reabsorption in the Dog 


By Ricuarp L. Marvin, Px.D., anp WauTER §S. Wiupe, PH.D. 


The stop-flow method has been used to study various aspects of renal tubular transport 
mechanisms. According to this method, aldosterone promotes the tubular reabsorption 
of sodium in the distal tubule. The method also indicates that the secretion of potassium, 
hydrogen and ammonium occurs in a very distal portion of the nephron. The substitution 
of anions such as ferrocyanide, sulfate and phosphate for chloride apparently increases 
the area of the nephron involved in the secretion of hydrogen and potassium. The stop- 
flow experiments support other evidence that the rate of flow of urine through the loops 
of Henle affects the countercurrent multiplier system which, in turn, determines the 
ability of the kidneys to elaborate a concentrated urine. 


T HAS been known for many years that 

the kidney reabsorbs a large part of the 
salts and water filtered at the glomerulus. 
However, only in recent years have some of 
the mechanisms controlling secretion and re- 
absorption been elucidated. The micropunce- 
ture technic as developed by Richards’ has 
been extremely useful in this respect, since it 
allows direct analysis of tubular urine. The 
stop-flow method, although not as precise as 
micropuncture, has also lent itself well to 
renal transport studies. 

For the past 2 years, the authors, in col- 
laboration with Drs. Lawrence Sullivan, Ar- 
thur Vander and Peter Abbrecht, have used 
the stop-flow technic extensively as a tool for 
investigating the transport of salt and water 
in the nephron. Because of the limitations of 
time, we have arbitrarily selected 3 areas of 
our research for discussion at this symposium : 
(1) the effect of aldosterone on the transport 
of sodium; (2) the effect of large impermeant 
anions on the transport of potassium; (3) the 
effect of osmotic diuresis on the renal con- 
centrating mechanism. 


Aldosterone 


Recently,? using the stop-flow technic, we 
demonstrated a distal site of action of aldos- 
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terone. The dashed curve in figure 1 ill is- 
trates a typical pattern of the concentrat.on 
of sodium from a stop-flow experiment in a 
normal dog. The sodium concentration of fvee 
flow urine collected immediately before oc- 
clusion was 63 mM per liter. As distal fluid 
entered the collector, the concentration of 
sodium fell to a low of 5 mM per liter. As 
fluid from the loops and proximal tubules 
entered the collector, the concentrations of 
sodium rose to reach a plateau at the original 
free flow concentration. The peak concentra- 
tion of para-aminohippurate (PAH), not 
shown in this figure, indicated the best stop- 
flow proximal sample to be at 10 ml. 

In contrast to the normal dog, the lowest 
concentration achieved by the distal tubule 
of the adrenalectomized dog was only 24 mM 
per liter. The distal tubule was apparently 
unable to reduce the concentration of sodium 
to the minimum value achieved in normal 
dogs during stop-flow. 

Occasionally, normally low concentrations 
of sodium were obtained from the distal tu! 
lar urine of the adrenalectomized animal. This 
seemed to occur only when the concentrati 
of sodium in plasma was exceedingly | 
The following series of experiments was 
signed, therefore, to study the relations! ip 
between the concentrations of sodium in ‘ 1e 
plasma and in the distal tubular urine. Af 2r 
the collection of normal stop-flow urine, * 1¢ 
concentration of sodium in plasma was rai: °d 
rapidly by the intravenous infusion of 2 tc 3 
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Figure 1 


mparison of the distal tubular concentrations 
sodium during stop-flow in a normal and in 
adrenalectomized dog. (Republished by permis- 
ion of the Proceedings of the Society for Ex- 
rimental Biology and Medicine.* ) 


Gm. of sodium chloride in 50 ml. of water, 
over a period of 5 minutes. After 10 more 
minutes, the occlusion was again performed, 
aud another collection was made. 

Figure 2 demonstrates the relationship be- 
tween the concentration of sodium in the 
plasma and in the distal tubular urine during 
ureteral occlusion. It can be seen that during 
stop-flow, the distal tubule of the normal ani- 
mal was capable of lowering the concentration 
)' sodium almost to zero. Except possibly at 

tremely high values, the minimum concen- 

ation of sodium appears to be independent 
the concentration of sodium in the plasma. 

‘is independence suggests that over the 

\ysiologic range, the maximal concentration 

idient for sodium which the normal animal 

n develop and maintain between the plasma 

d the distal tubular urine has not been 

iched. 

The effects of adrenalectomy upon this pat- 

rm are striking. Even at very low plasma 

neentrations of sodium, the distal concen- 
ations during ureteral occlusion were ab- 

rmally high. During occlusion, there was a 

rect relationship between the concentrations 

- sodium in the plasma and in the distal 
‘bule. This indicates that adrenalectomy has 
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Figure 2 
Relationship between the concentrations of sodium 
in the plasma and in the distal tubular urine 
during stop-flow. The vertical axis represents the 
concentration of sodium in the particular urine 
sample which is acted upon by the maximal num- 
ber of distal tubules during ureteral occlusion. 


reduced the maximal concentration gradient 
for sodium which can be maintained across 
the distal tubular cells. As the concentration 
of sodium in the plasma rises, the minimal 
concentration of sodium also rises. Even if 
the duration of occlusion is prolonged from 4 
to 6 minutes, the peak concentration of sodium 
in the distal tubular urine during stop-flow 
is not changed, indicating that maximal re- 
absorption of sodium by the distal tubules oc- 
curs within the first 4 minutes of ureteral 
occlusion. 

The effects of aldosterone on the adrenalec- 
tomized dogs are demonstrated in figure 3. 
The administration of aldosterone restored the 
ability of the distal tubule to lower the con- 
centration of sodium in the distal tubule even 
in the presence of an elevated concentration 
of sodium in the plasma. 


Mode of Action of Aldosterone 


Clearance methods indicate that aldosterone 
inereases the tubular reabsorption of sodium. 
This action is manifested in stop-flow analysis 
by the ability of aldosterone to increase the 
maximal concentration gradient for sodium 
which can be developed: between the plasma 
and the distal tubular urine. Since the mini- 
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Figure 3 
Effect of aldosterone on distal tubular concentra- 
tion of sodium. 


mal concentration of sodium attained in the 
distal tubule during ureteral occlusion is in- 
dependent of the duration of occlusion, this 
concentration must be a steady state value; 
i.e., the concentration at which sodium move- 
ment out of the lumen is equal to sodium 
movement inward. Aldosterone could act, 
therefore, in 1 of 2 different ways: it could 
activate carrier systems responsible for sodium 
transport outward or it could decrease pas- 
sive back-diffusion of sodium from interstitial 
fluid into distal tubular lumen. 

A rough estimate of the rate of back-diffu- 
sion of sodium has been made in our labora- 
tory, using the isotope Na**. The ureteral 
occlusion stops filtration so that glomerular 
substances such as inulin will not enter the 
coneentration pattern except as new filtrate. 
Na** injected intravenously after the occlu- 
sion, by crossing the tubular epithelium trans- 
murally, enters the urinary pattern ahead of 
inulin. Precise delineation of rates of move- 
ment into the stop-flow pattern is complicated 
by the continuing decline of the precursor 
Na** in the blood plasma during the short 2- 
minute period allowed for the Na** to enter 
the tubule lumen. The shape of the stop-flow 
eurves for Na** seems unchanged after adre- 
nalectomy, with no suggestion of any in- 
creased rate of back-diffusion. These prelimi- 
nary data coupled with the stop-flow data lead 
us to believe that aldosterone increases the 
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maximal transport velocity by increasing th 
number of carrier sites available for the re 
absorption of sodium. 


Potassium 

It has been established that potassium 
reabsorbed and secreted by the nephron. Tl 
area involved in the secretion of potassium 
located in a distal region of the mammalia 
nephron, which is also a site for the secretic 
of hydrogen.* The secretion of ammonia 
also thought to take place in the same dist: 
area. Recently, Pitts, Gurd, Kessler an 
Hierholzer have shown that these secretor 
areas do exist at the same distal tubular site 
On the basis of clearance studies, the secretic 
of cations is believed to be coupled with s 
dium reabsorption.® 7 

Using the stop-flow technic, we have ol)- 
tained data which indicate that the secretion 
of potassium, hydrogen and ammonium occur 
in a very distal area of the nephron. Figure 4 
shows a normal stop-flow curve on which 
sodium, potassium and hydrogen (titratable 
acidity) are plotted. The concentration of both 
potassium and hydrogen rose in the early dis- 
tal samples and reached maximum values even 
before the concentration of sodium reached its 
minimum. Potassium concentrations then fell 
very sharply to values below those observed 
during free flow. This drop occurred in the 
area of low concentrations of sodium. As prox- 
imal fluid entered the collector, potassium con- 
centrations returned to free flow values. 

We believe that the increase in the concen- 
trations of potassium in the early samples 
represents secretion of that cation in the col- 
lecting ducts and perhaps in some part of the 
distal tubule. This increase occurs in the first 
few samples, in urine which must have bee: 
trapped in the collecting ducts. This interpre- 
tation agrees with the findings of Ullrich «t 
al., who demonstrated that the concentration 
of potassium may increase in the collectin: 
ducts.’ Unfortunately, it is impossible for 1; 
to delineate more precisely the anatomic are: ; 
involved in the secretion of potassium. T! 
secretory area may very well extend into t] 
distal tubule itself. 
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Figure 4 
Stop-flow pattern for sodium, hydrogen and potassium. 


The minimum concentration of potassium 


always occurred in a distal area of the stop- 


flow pattern and was often below the concen- 
(ration in plasma. We regard this as evidence 
for the reabsorption of potassium in an area 


the distal tubule which also reabsorbs 


sodium to low levels. 


Bott® has demonstrated that throughout the 
oximal tubule of the amphibian nephron, the 
neentration of potassium remains at the 
el in the plasma. There is little doubt that 
e reabsorption of potassium against a chem- 
il gradient does occur. Subjects in potassium 
ficiency exerete urine with concentrations 
potassium lower than that in plasma.?° 
nee the reduction in the concentration of 
tassium in amphibia does not seem to occur 
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in the proximal tubule, it must take place in a 
more distal area. It is not surprising, then, 
that the stop-flow patterns for potassium in- 
elude a distal area of low concentrations of 
potassium. 


The Effects of Impermeant Anions 


Infusions of relatively impermeant anions, 
such as ferrocyanide, sulfate, thiosulfate and 
phosphate, retard the reabsorption of sodium 
in the proximal areas of the nephron because 
of their charge and their inability to accom- 
pany reabsorbed sodium across the tubular 
wall. Thus, it has been suggested that these 
anions increase the secretion of hydrogen and 
potassium because they deliver greater 
amounts of sodium to a distal mechanism 
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which reabsorbs. sodium in exchange for se- 
ereted potassium and hydrogen.* However, 
the data derived from the use of these anions 
in stop-flow analysis have led us to conclude 
that the effect of these anions upon the secre- 
tory mechanism is only part of their total in- 
fluence upon hydrogen and potassium excre- 
tion. 

The results of these stop-flow experiments 
show that the presence of impermeant anions 
within the tubule not only increased the secre- 
tion of hydrogen, ammonium and potassium, 
but also caused the points of maximum titrat- 
able acid and of maximum concentrations of 
potassium in the stop-flow patterns to be 
shifted proximally. The maximum concentra- 
tions of these substances then appeared in the 
area of the patterns which normally contained 
the minimum concentrations of potassium. An 
area of the nephron, much larger than was 
apparent in the control occlusions, seemed to 
be secreting hydrogen and potassium. 

Figure 5 shows the results of 1 experiment 
in which a control occlusion was followed by 
a second after the infusion of phosphate so 
that the plasma phosphate level rose from 1.7 
mM per liter to 14.3 mM per liter. The control 
patterns for potassium, ammonium and hydro- 
gen all showed a distal secretory peak which 
was distal to the sodium minimum. After the 
infusion of phosphate, the maximum concen- 
trations of potassium, ammonium and hydro- 
gen were all increased. Their maximum con- 
centrations were also all moved more proxi- 
mally so that they coincided with the mini- 
mum for sodium. After infusion of phosphate, 
the distal reabsorptive area for potassium was 
no longer evident. Similar results are obtained 
if the dog is infused with any other relatively 
impermeant anion, e.g., thiosulfate, ferrocya- 
nide or sulfate. 

The stop-flow patterns indicate that, in the 
presence of the impermeant anions, the ap- 
parent secretion of hydrogen and potassium 
occurred along the full length of the distal 
nephron in which the strong sodium reabsorp- 
tive mechanism is located. Ordinarily, chloride 
follows the reabsorbed sodium at this site. 
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However, in those animals which are infus« 
with the sodium salt of the impermeant anio1 
more sodium than chloride is presented to t! 
distal reabsorptive system, and the amount « 
sodium which is reabsorbed exceeds the supp’ 
of chloride. This excess of reabsorbed sodiu 
over chloride cannot be accompanied by t 
infused anion because of its size and imm 
bility. Thus, as sodium is removed, the anion 
charge remaining in the tubule will attra t 
other available cations to replace the sodiu 
The only relatively diffusible cations availab e 
in quantity are hydrogen and potassium, ai 
they are drawn into the tubule from either t 
tubular cells or the interStitial fluid. Evident 
the potassium reabsorptive mechanism cann 
counteract this inward movement. In effect, 
then, a pseudo-exchange mechanism, create 
by the combination of the reabsorption 
sodium and the presence of immobile anion 
has been set up in a part of the tubule wher 
one was not apparent in control experiments 


Countercurrent Multiplier System 

It has been established that the ability of 
the kidneys to concentrate urine is dependent 
upon a countercurrent multiplier system.'! 
In this system, the interstitial osmotic pres- 
sure increases along the pyramids, being high- 
est at the tip. In the presence of antidiuretic 
hormone (ADH) this gradient will cause 
water to be drawn out of the collecting ducts 
and so concentrate the urine. However, under 
certain conditions, urine osmolality may de- 
crease even in the presence of maximum ADIL. 
During osmotic diuresis urine osmolality de- 
creases and approaches plasma osmolality « 
the diuresis becomes more severe.!* 

This inability to concentrate during osmot'¢ 
diuresis might be considered to result fro 
inereased rate of flow through the collectiiz 
ducts with concomitant decrease in time : 
lowed for osmotic equilibrium. If this we 
true, one would expect urine osmolarity 
increase significantly during stop-flow as ad 
tional time is allowed for equilibration. 

Figure 6 shows the results of a stop-fio \ 
experiment in which urine osmotic pressu 
was measured. Although the osmotic pressu 
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Figure 5 
Effect of phosphate on the stop-flow patterns for potassium, ammonium and hydrogen. 


d rise in a distal area, the increase was only 
out 10 per cent of the control osmolarity 
rom 496 to 542 mOsm. per liter). These 
‘sults suggest that the osmotic pressure of 
ie interstitium is higher than urine osmo- 
rity during osmotic diuresis, but only 
ightly so. Since urine osmolarity does in- 
‘ease during stop-flow, this is evidence that 
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during osmotic diuresis the collecting duct 
urine does not reach osmotic equilibrium with 
the interstitium. 

These results are consistent with the formu- 
lations of Hargitay and Kuhn" that the rate 
of urine flow through the loops of Henle is 1 
of the determinants of the magnitude of the 
countercurrent gradient which the kidney 
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Figure 6 
Stop-flow pattern for para-aminohippuric acid (PAH), sodium. (Republished by per: 
mission of the American Journal of Physiology." ) 


may establish. There must be an optimum flow 
rate through the loops. Any increase in flow 
above that optimum would serve to carry off 
solute and lessen the osmotic gradient exist- 
ing in the renal medulla. 

Figure 7 shows the results of an experiment 
which indicates that this is true during osmot- 
ic diuresis.1* Catheters were placed in the 
left and right ureters and in the left renal 
artery. After a control period, 20 ml. of 20 
per cent mannitol was injected into the left 
renal artery over a 1-minute period. One- 


minute urine samples were collected simu! 
taneously from the 2 ureters, and the sampl| 
analyzed for their concentrations of sodiun 
The urine flow from the left kidney increase 
almost immediately, reaching a maximum du 
ing the third minute, then declined relativel 
slowly. The control sodium concentration i 
urine from the left kidney was 39 mKq. p 
liter. As the urine flow increased, so did th 
coneentration of sodium. In the second samp! 
after injection, the concentration of sodiw 
reached 117 mEq. per liter and then decline: 
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23 mEq. per liter. A similar pattern was 
non the right side: as the urine flow in- 
‘ased, so did the concentration of sodium. 
rain the concentrations of sodium fell off 
wre quickly than urine flow. This experiment 
ggests that a sudden increase in flow rate 
rough the nephron is able to sweep excess 
dium out into the urine. This observation is 
nsistent with the view that the rate of the 
ww of urine through the loop of Henle and 
e collecting ducts is a determinant of the 
untercurrent gradient which may be main- 
ined by the kidney. 
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Discussion 


Dr. Wilde: I should like to consider why, 
in stop-flow, potassium appears not to be se- 
ereted extensively when the supply of sodium 
is low. My remarks pertain particularly to 
Dr. Berliner’s comment concerning our mini- 
mum inflection in the stop-flow pattern for 
potassium. 

I shall assume that at least part of the po- 
tassium secretion occurs at the same site as 
the final reabsorption of sodium. In this way 
there could be a coupled exchange of sodium 
and potassium. In accord with Dr. Giebisch’s 
studies on the kidney, and with the studies 
of others using frog skin, we would expect 
only a small, negative luminal potential at 
our low-sodium reabsorptive sites just before 
the steady state concentration of sodium is 
achieved. 

More important than the low potential is 
the lack of anions in the lumen to associate 
with potassium: by the time the final steady 
state concentration has been reached, the 
chloride has followed the sodium out of the 
lumen ; early in stop-flow, before all the chlo- 
ride had followed sodium in reabsorption, 
chloride is available to associate with any se- 
ereted potassium, and the potassium concen- 
tration in the lumen would be sustained mo- 
mentarily. As stop-flow is prolonged, even this 
potassium chloride might back-diffuse out of 
the lumen. 

This latter suggestion fits our own obser- 
vations and those of Skulan, Williamson and 
Shideman at Madison. During stop-flow in 
rats they found the secretory K peaks to be 
higher after brief ureteral occlusion than 
after prolonged occlusion. 

In the presence of impermeant anions, po- 
tassium concentration forms a high peak at 
the minimum for sodium. The influence of 
impermeant anions, such as sodium sulfate, on 
potassium secretion is that of a nondiffusible 
counterion for potassium as well as a source 
of sodium for a sodium-potassium, coupled 
exchange mechanism. 

Chairman Pitts: They seem to be in agree- 
ment with you. 


Dr. Phyllis Bott: Do I understand fro 
what Dr. Malvin said and also you, Dr. Bex 
liner, that the greatest or the lowest concen 
tration of potassium seems to be in the dista 
tubule? 

Dr. Berliner: You might understand tha 
from what Dr. Malvin said, but I hope no 
from what I said. There is little doubt th: 
those stop-flow samples which come out of th 
tubules with the lowest potassium concentr: 
tion are those which have been in the dist 
tubule during the period of stop-flow. Th 
question is whether this means that this sam 
pattern was present at the instant at whic 
flow was reinstituted. I would say that w 
are really not in a position to draw any co 
clusions about the latter question, althoug 
Dr. Malvin disagrees with this view. 

Dr. Bott: I want to say, in addition to your 
comments on the various figures which wer 
put out from our laboratory, that we did (i 
a preliminary series with chemical methods 
get some apparent drops in concentration of 
potassium in the proximal tubule. I have not 
found exactly what was wrong with those 
samples. It may be that they were stored too 
long. They had to be kept awhile before the) 
were analyzed. That was true both of the Nec- 
turus experiments and those on rats that | 
ran with another one of my ‘‘sons,’’ Dr. Wirz 
By the way, I am glad to have both of these 
men (Dr. Giebisch and Dr. Wirz) as sons. | 
do think that the later results using flame 
photometer are better. We also published, lasi 
spring, some additional results for the rat; 
here too, the concentration of potassium in 
proximal tubule fiuid does not seem to diffe: 
very much from that of serum. However, wi 
have not been able to take fluid from the end 
of the proximal tubule in the rat. 

Question: Please repeat the question. 

Chairman Pitts: I would rather repeat what 
Dr. Bott just said. I am afraid I can’t get al! 
the nuances into this, but, in essence, I think 
what Dr. Bott said is that she does not know 
why, in some of the early potassium samples 
collected from the proximal tubule, the potas- 
sium was low. Perhaps they stood too long 
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something else. But, for the most part, and 
s ecially in more recent work, the concen- 
- tion of potassium within the proximal tu- 
e has been essentially that of the plasma, 
t is, equivalent to or equal to the plasma 
centration. 
(he question concerns the potassium dip in 
distal tubule. Dr. Malvin, would you like 
comment ? 
Ir. Malvin: Dr. Sullivan has just completed 
y 1 experiment which has some bearing on 
question. He placed a catheter in the 
ial artery and then infused mannitol in the 
-ial way. Two minutes before clamping the 
eter, he infused sodium chloride, in very 
ish concentration and at a very rapid rate, 
into the renal artery. He continued this in- 
fusion during the period of occlusion and 
during the collection of the stop-flow samples. 
Under these conditions, the sodium concen- 
tration achieved in the distal tubule was no- 
where near as low as that which is usually 
achieved. In 1 trial, the minimum sodium con- 
centration was a little more than 20 mKq./L. 
in contrast to the usual concentration of ap- 
proximately 5. Under these conditions he still 
obtained a distal dip for potassium, indicat- 
ing, I think, that even in the presence of 
adequate quantities of sodium, the potassium 
concentrations did decline. 
Dr. Bartter: I would like to ask Dr. Malvin 
he considers that his results have raised the 
uestion of an action of aldosterone on the 
oximal tubule. 
Dr. Malvin: About all I can really say is 
hat we were unable to detect any action 
ng the stop-flow method. The only method 
‘ have to detect a proximal effect is to look 
the creatinine concentration; that is, in 
| id coming from the proximal area the ere- 
nine concentrations are higher than in con- 
| urine. This could only be due, of course, 
water removal, and one can get a fairly 
d estimate of the volume of water removed 
ring the stop-flow procedure. The volume 
water removed is the same in the intact 
a din the adrenalectomized animal. 
Dr. Wakim: I should like to ask Dr. Mal- 
how long he gave aldosterone before he 
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did the stop-flow. Also, does he believe that 
the anesthesia and the mechanical effects of 
the stop-flow had any effect on the aldosterone 
action? Finally, did he try the experiment 
that Dr. Berliner did, i.e., eliminate the an- 
noying effect of a dead space in the renal pel- 
vis by filling it with oil? 

Dr. Malvin: The last question is perhaps 
the easiest : the effect of the dead space doesn’t 
seem to be too annoying because the patterns 
actually are quite similar. With respect to 
the first question, we injected aldosterone and 
did the stop-flow between an hour and a half 
and two and a half hours after the injection 
of aldosterone. 

Dr. Hilton: I should like to ask Dr. Malvin 
just how physiologic he thinks his technic is. 
At the levels of intraluminal hydrostatic 
pressures which he uses, perhaps all of the 
effects on sodium and water can be explained 
by just mechanical diffusion, i.e., by the push- 
ing of sodium and water out of tubule across 
stretched membranes. In this way, the potas- 
sium, PAH and creatinine, would all be con- 
centrated. 

Dr. Malvin: No, because, for one thing, 
many solutes do not concentrate. Secondly, of 
course, I am not sure that I know of any ex- 
periment which is physiological. 

Dr. Hilton: This is abnormal kidney, defi- 
nitely ? 

Dr. Malvin: Of course. 

Dr. Hilton: You see this thing in prostatic 
obstruction. 

Dr. Searle B. Rees: 1 wonder if Dr. Giebisch 
observed any bidirectional flux of potassium ? 
His very pretty model did show potassium 
diffusion downhill. 

Dr. Giebisch: No, I did not observe any. 

Dr. Wilde: If I may say something more 
about the oil drop or the injection of oil into 
the pelvis. Although this method truly is a 
help in collecting the first samples and get- 
ting a better idea of the very first, conduit- 
type of material that is coming out, it is not 
an advantage in terms of handling proximal 
samples. 

Dr. Smith: A question has come up as to 
the effect of the hydrostatic pressure on the 
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tubules. I don’t think the concentration terms 
here are of the order of magnitude that could 
be affected by a change in hydrostatic pres- 
sure, though by that I would not mean to 
dismiss the changes in intraluminal hydro- 
static pressure as having no significance. But 
I would like to go back to the philosophy of 
the experiment. 

Dr. Malvin, may I ask you why you put 
the clamp up on the ureter in the first in- 
stance? What did you think would happen? 

Dr. Malvin: You mean——? 

. Smith: Why did you do the experiment ? 

*, Malvin: Why did I do it? 

*, Smith: Yes. 

*, Malvin: I’ll have to think. I did it be- 
cause I thought it would work, I imagine. 

Dr. Smith: Well, what did you think would 
happen to the composition of the urine when 
you put the clamp on the ureter? 

Dr. Malvin: You mean, would the clamp it- 
self affect the urine? 

Dr. Smith: No, it’s not that tricky. Weren’t 
you, perhaps, laboring under the impression 
that these transport processes involved some 
significant factor of time, that they weren’t 
all instantaneously proceeding to the right? 

Dr. Malvin: Oh, yes. 

Dr. Smith: Have you any evidence at the 
present time that they are not instantaneous 
in proceeding to the right ? 

Dr. Malvin: Surely. 

Dr. Smith: You have evidence that equilib- 
rium with respect to potassium, sodium, am- 
monium, hydrogen ion is not instantaneously 
reached between the tubular cell and the lu- 
men ? 

Dr. Malvin: Yes. It seemed to me that if 
they were, concentrations could not change 
with respect to time. Do we agree on that? 

Dr. Smith: Well, let me ask another ques- 
tion by way of defending the first. What hap- 
pens if, immediately after you put the clamp 
on the ureter, you inject inulin intravenously 
and wait for 4 to 6 minutes and take the 
clamp off? 

Dr. Malvin: If you inject inulin after the 
clamp is put on —— 

Dr. Smith: Immediately. 
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Dr. Malvin: Unfortunately, we have ney 
done this immediately after the clamp. I thi: 
the shortest time interval was about 4 mi 
utes. Then, you find inulin enters the tubu! 
fluid downstream from where one would ¢ 
pect new filtrate to come in. For example, 
you clamp, 4 minutes later inject inulin, 
minutes later creatinine, the inulin will a 
pear before the creatinine, and so on. Ho 
ever, if you wait, let’s say 8 or 10 minut 
perhaps 10 minutes, and then do this sa 
routine, they appear together. But it looks 
though this water movement down the tubu 
does go on relatively rapidly at first and th: 
tapers off, and perhaps*stops; I don’t kno. 

Dr. Smith: Well, not perhaps. There a 
others up there who have used the stop-flo 
technic. Dr. Berliner, or Dr. Pitts, have yo 
ever injected inulin immediately after th 
clamp and then released it after 4 minutes 

Chairman Pitts: Yes, and it appears in th: 
first sample. 

Dr. Smith: Which brings me back to my 
question. Why did you put the clamp on in 
the first instance? 

Dr. Malvin: What would you like me to 
say? (Laughter) 

Dr. Smith: I’m wondering whether, Dr. 
Malvin, with the stop-flow technic, you have 
really dismissed the possibility that the reac 
tions between the epithelium and the urine in 
the lumen attain equilibrium instantaneously, 
and if the continued movement of fluid down 
the nephron is not somehow, in some instances, 
giving you something of a smeared picture 

Dr. Malvin: I’m sure there is smearing 
However, one can still exclude instantaneous 
equilibrium. For example, glucose is reab 
sorbed from proximal samples and declines 
in concentration in the stop-flow pattern 
Now, it’s hard to see how you could have dé 
clining glucose concentrations when, if any 
thing, higher concentrations are coming 1! 
from the plasma. 

Dr. Smith: I'll rest. 

Dr. Wilde: We first did the stop-flow ex 
periments to try to elucidate some of the fa 
tors involved in osmotic diuresis with mai 
nitol; indeed, that was the immediate source 
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the invention. Now, with respect to osmotic 

uresis during free flow, why does sodium 

t fall any lower than it does? Does the high 

lue for the minimum sodium concentration 

iring free flow represent a consequence of 
ne limitations or is it a true steady state 
due, indicating a feeble transport system? 
ine low concentrations seen at the distal 

‘inimum during stop-flow indicate that dur- 

o free flow a steady state is not attained 

this site. 

Dr. Smith: May I have one more comment? 

Chairman Pitts: Could we have one from 

r. Mauro? 

Dr. Mauro: I would like to ask Dr. Giebisch 

» tell us a little bit about the sensitivity of 

ie transmembrane potentials to anoxia and 

) various other types of metabolic poisons. 
's this picture radically different from what 
s seen in the frog skin or in the various blad- 
der preparations? 

Dr. Giebisch: As far as ischemia or meta- 
holie poisons are concerned, there seem to 
be no basic differences. Particularly under 
conditions of ischemia, renal cellular poten- 
tials behave quite similar to other structures 
such as nerve or muscle: a rapid phase of 
partial depolarization is followed by stabiliza- 
tion of the transmembrane potential at about 
60 to 70 per cent of the initial potential dif- 
ference. 

Regarding metabolic poisons, my own ex- 
perience is limited to organic mercurials. 
There, a significant depolarization occurs 
after the administration of Neohydrin. We 
had the good fortune to be able to use mer- 
cury?°3labeled Neohydrin and. accordingly 
‘ould measure the degree of depolarization as 
\ function of the actual concentration in the 
enal tissue. A fairly good relationship ob- 
iins so that in the Necturus kidney increasing 
iepolarization can be observed with higher 
‘mounts of Neohydrin. It might also be men- 
ioned that ischemia and organic mercurials 
ave additive effects in depolarizing single 
‘roximal tubule cells. 

Other relevant observations concerning 
ranstubular potential differences are those of 
Vhittembury and of Schatzman, Windhager 
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and Solomon. These authors found that 2,4- 
dinitrophenol (2 X 10M) reduces the trans- 
tubular potential difference by about 50 per 
cent. To my knowledge, no other metabolic 
inhibitors have been tested so far. 

Dr. Strauss: I would like to ask Dr. Malvin 
whether he was suggesting that aldosterone 
had a permissive action on sodium reabsorp- 
tion ? 

Dr. Malvin: There is very little I can say 
about the actual mechanism of sodium reab- 
sorption, particularly how aldosterone affects 
it. I ean only give you the data and suggest 
that it does affect the transport system for 
sodium. Precisely how, I don’t know. 

Dr. Smith: Mr. Chairman, may I ask Dr. 
Strauss a question? Given the premise that 
putting the clamp on the ureter prolongs the 
exposure of the urine to the various segments 
of the tubule, then increasing exposure time 
is equivalent to reducing the velocity of flow 
down the tubule. We have that experiment in 
man, in oliguria, and in water diuresis; as- 
suming the same conditions of sodium balance, 
I wonder if Dr. Strauss can quote, offhand, the 
minimal sodium concentration in oliguric 
urine as compared with water diuresis where 
flow is free? ‘ 

Dr. Strauss: I am not sure that I can, but 
I have the impression that it tends to be just 
as low in either situation. I am not sure. 

Chairman Pitts: Isn’t it true that A. V. 
Wolff found a minimum of sodium concen- 
tration—I guess it was chloride, not sodium— 
in sustained high water diuresis, something 
of the order of 30 or 33 mEq. per liter of 
urine, I believe? 

Dr. Smith: That is a slightly different sit- 
uation. I am thinking about a man. Under 
presumably the same conditions of sodium 
balance, does sodium concentration tend to be 
lower during water diuresis when the flow is 
large, the velocity is great and the time ex- 
posure is small, than during oliguria, when 
the velocity is low? So I wonder to what ex- 
tent the time of exposure really does play a 
part in, let’s say, sodium reabsorption in the 
collecting duct system. 

Dr. Malvin: The only information I have 
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bearing on this—unfortunately, I can’t cite 
the precise figures—is that if you occlude, let’s 
say, for a minute and a half, the minimum 
sodium is not as low as if you occlude, say, 
for 4 minutes. So that the value does decline 
with time. 

Dr. Ullrich: May I ask a theoretical ques- 
tion of Dr. Giebisch? If you assume that 
water is moved out of the tubule by a force 
and that the solutes diffuse out, then a per- 
fusion potential may originate. How high do 
you think this could be? 

Dr. Giebisch: Are you postulating a system 
where you get intratubular negativity by mov- 
ing water out by bulk? Such a system would 
require not only a driving foree to get the 
water out but also a special device for leaving 
chloride behind. I think that the special de- 
vice must also exist before you ean postulate 
bulk flow as the means of creating a potential 
difference. I think that if you postulate a 
perm-selective membrane, and move water 
out and leave an anion behind, you ean get 
potential distribution which is similar to any 
naturally observed one. 

Dr. Ullrich: I ask this because Dr. Eigler 
and I have measured intracellular potentials. 
We used the same solute to perfuse the renal 
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tubules inside and outside so that we cou 
have the same electrochemical potential insic » 
and outside. Then we measured the transtub: - 
lar potential of the frog tubule. It was abo 
10 millivolts; negative inside and positi » 
outside. Then, if we perfused the inside wi 
indigo carmine solution, we measured an i - 
crease of negativity on the inside of the ord r 
of 20 millivolts, i.e., from 10 to 30. What « 
you think about that? Is it a diffusion pote. - 
tial, because indigo carmine is an acid ai 
the H* ion will diffuse out more quickly th: 
the large indigo carmine ion? 

Dr. Giebisch: I think that-you have su :- 
gested a likely explanation, but I have no a-- 
tual basis for comment since I have ney 
used indigo carmine. 

Dr. Ullrich: On the other hand, in in vi 
preparations of the guinea pig and the fr 
tubules, we found an intracellular potentia 
of the same magnitude as you found in Nec- 
turus: in the proximal tubule of the guinea 
pig about 70 to 80 millivolts, and in frog 
about 70 millivolts. In vitro the intracellular 
potential was much lower; in the proximal 
tubule about 60, in the cells of outer medul- 
lary region about 50, and in the cells of inner 
medullary region about 40 millivolts. 


“Water Is Best” 

It was assuredly not chance that led Thales to found philosophy and science with the 
assertion that water is the origin of all things. Whether his belief was most influenced 
by the wetness of animal tissues and fluids, or by early poetic cosmogonies, or by the ever 
present importance of the sea to the Ionians, however vague his conception of water 
may, indeed must, have been, he at least expressed a conclusion which proceeded from 
experience and serious reflection—L. J. Henderson. The Fitness of the Environment. 


Boston, Beacon Press, 1958, p. 72, 
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Ill. LESSONS FROM COMPARATIVE BIOLOGY 


Chairman: Alfred P. Fishman, M.D. 





INTRODUCTION 


By Aurrep P. Fisoman, M.D. 


Every generation of scientists includes a 
w who are not only able to detect in their 
wn special research a general pattern of na- 
ire, but are also endowed with an extraordi- 
ary capacity for communicating their ideas. 
his combination of conceptualization and 
communication has led to such great generali- 
zations in biology as ‘‘natural selection,’’ ‘‘the 
constaney of the internal environment’’ and 
‘the fitness of the environment.”’ 
Our speaker for tonight, Professor George 
Wald, is one of these gifted men. His special 
interest in biology is the chemistry and phys- 


From the Department of Medicine, College of Phy- 
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iology of vision—in particular, of the visual 
pigments of the rods and cones of the retina. 
This special interest has led him, by the path 
of biochemical evolution, to vertebrate meta- 
morphosis, and from there, to an appraisal of 
light and life, and of the origin of life. The 
particular lesson which he brings to this sym- 
posium is the use of comparative biology to 
expand specialized biological knowledge into 
general biological concepts. 

George Wald is Professor of Biology at 
Harvard College. Over the years, his scientific 
accomplishments have been recognized in 
many ways; the most recent honor being the 
Rumford Premium of the American Academy 
of Arts and Sciences. It gives me great pleas- 
ure to introduce to you Professor Wald. 





The Significance of Vertebrate Metamorphosis 


By Grorce Watp, PH.D. 


It is generally recognized that the anatomical metamorphosis of the vertebrates seems 
to recapitulate their evolutionary history. However, little attention has been paid to 
the biochemical changes which precede or accompany the anatomical changes. In the 
present paper, the author uses the biochemistry of vision as the point of departure for 
considering the parallel changes in biochemistry, anatomy and ecology which are involved 


in vertebrate metamorphosis. 


“Nicodemus saith unto him, How can a man 
be born when he is old? ean he enter the 
second time into his mother’s womb and be 
born? 

“Jesus answered, Verily, verily, I say unto 


thee, Except a man be born of water .. .”— 


John, 3:4, 5. 


NE OF Thomas Mann’s novels begins 

with the words, ‘‘ Very deep is the well 
of the past.’’ This is the well from which all 
biology is drawn. Physics and chemistry deal 
with what is; biology with what has become. 
In biology one is never far from history ; and 
each living organism carries fragments of this 
history with it, as vestiges and recapitula- 
tions, anatomical and, as we shall see, bio- 
chemical. 

I was led into this subject through the 
study of visual systems. I shall begin with 
them since they still provide the main thread 
of the argument, though by now it branches 
widely. 

What we are concerned with here is an 
aspect of biology at the molecular level. Like 
all such developments, it runs closely parallel 
with earlier arguments based primarily upon 
anatomy. This is hardly surprising, for the 
anatomy of an organism is the greatly magni- 
fied expression of its chemistry ; and the short- 
and long-term changes in anatomy that con- 
stitute the organism’s embryogeny and evolu- 





From the Biological Laboratories, Harvard Uni- 
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This paper is a revised version—in a sense a 
second edition—of one that appeared earlier in 
Science." The material from the earlier version is 
republished by permission of Science. The investi- 
gations from our own laboratory were supported in 
part with funds from the Rockefeller Foundation and 
the Office of Naval Research. 


tion, by the same token, express chemica 
changes. The biochemist is a biologist whos 
dissections have reached the molecular leve 
Far from removing him from biology, thi 
gives him new opportunities to pursue it. 

For like reasons, some of the viewpoints an 
conclusions expressed here were reached lon 
ago by other paths. They will bear this reitera 
tion and the new support that biochemistry 
brings them. 


Primacy of the Spawning Environment 


Two kinds of visual system are found in the 
rods of vertebrate retinas. One is based upon 
the red visual pigment, rhodopsin, formed by 
the combination of the protein opsin with 
retinene, the aldehyde of vitamin A. The 
other is based upon the purple pigment, por- 
phyropsin, formed from the same type of 
opsin combined with retinenes, the aldehyde 
of vitamin A». Retinenes and vitamin A» 
differ from retinene and vitamin A only in 
possessing an added double bond in the ring 
(fig. 1).2-5 

The porphyropsin system was first dis- 
covered in fresh-water fishes. Marine fishes 
and land vertebrates characteristically possess 
the rhodopsin system (figs. 2 and 3).% 7 

What of the fishes that are neither fresh- 
water nor marine, but migrate between bot! 
environments? It would be well before discus 
sing them to clarify somewhat their biologica 
position. 

Most fishes are restricted throughout thei 
lives to narrow ranges of salinity. Such form 
are called ‘‘stenohaline’’ and are of 2 kinds 
fresh-water and marine. A much smalle) 
group of fishes can live as adults in a wid 
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Figure 1 
Structures of vitamin A, retinene, vitamin Ag, 
ind retinenes. 


range of salinities. They are called ‘‘euryha- 
line,’’ and, again, are of 2 kinds, anadromous 
ind catadromous, meaning ‘‘upstream’’ and 
‘downstream.’’ These terms refer to the 
lirection of the spawning migrations. Salmon, 
‘or example, are typically anadromous forms, 
‘coming upstream to spawn, whereas the 
‘fresh-water’’ eels are catadromous, going 
lownstream to the sea on their spawning 
nigration. 

It is probably true, however, that no eury- 
ialine fish has to leave its spawing environ- 
nent to complete a normal life cycle. Many 
stances are known in which anadromous 
ishes remain permanently in fresh water. The 
ame is true of such an anadromous cyclostome 
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Figure 2 

The vitamin A, of the retinas of fresh-water fishes. 
Antimony chloride tests with extracts of wholly 
bleached retinas display only the absorption band 
maximal at 690 to 696 mp characteristic of vitamin 
A,. This result has been obtained invariably in 
about 12 widely distributed species of fresh-water 
teleost. In almost all cases the visual pigment has 
also been extracted and this pigment has been 
found to be porphyropsin, with \ingz about 522 mu. 
(Republished by permission of the Journal of Gen- 
eral Physiology.®) 


as the sea lamprey, which has recently colo- 
nized the Great Lakes and virtually destroyed 
the fresh-water fisheries there. 

So far as we know, the spawning environ- 
ment is always fixed. The eggs, the sperms, or 
the embryos, perhaps sometimes all 3, are 
stenohaline. Euryhalinity develops later in 
life and permits, though does not compel, 
these animals to migrate to the other environ- 
ment. Migration is only a potentiality, which 
some of these forms exploit regularly and 
others rarely. The salmons are essentially 
fresh-water fishes with the privilege of going 
to sea as adults; the fresh-water eels are 
marine fishes with the capacity of coming as 
adults into fresh water. 





S 
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Figure 3 
The vitamin A, of the retinas of marine fishes. 
Spectra of the antimony chloride tests with ex- 
tracts of bleached retinas reveal the iar at 615 
to 620 mp characteristic of vitamin A,. This result 
has been obtained with a great variety of bony, 
and a few elasmobranch, fishes and is characteristic 
also of land vertebrates. Two wrasse fishes (Lab- 
ridae), however, the cunner and tautog, though 
wholly marine, are exceptional in having a pre- 
dominance of vitamin Ag in their retinas. (Repub- 
lished by permission of the Journal of General 
Physiology.° ) 


The significant biological statement con- 
cerning such fishes is not that they migrate 
but that, being fixed in spawning environ- 
ment, they are euryhaline as adults. I should 
like on this basis to redefine the terms applied 
to them. An anadromous fish is a euryhaline 
form which spawns in fresh water; a catad- 
romous fish, one which spawns in the sea.® 

On examining the visual systems of sev- 
eral genera of salmonids, I found that all of 
them possess mixtures of the rhodopsin and 
porphyropsin systems, yet primarily the lat- 


percent absorbed 


O I 


700 600 
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Figure 4 


Retinal vitamins A in euryhaline fishes. Spectra o/ 
antimony chloride tests with extracts of bleached 
retinas from (1) chinook salmon, (2) rainbor 
trout, (3) brook trout, and (4) the Americai 
“fresh-water” eel. All these tissues contain boti 
vitamins A, and Ay, the anadromous salmonid: 
a predominance of vitamin Ag, the catadromous 
eel a higher proportion of vitamin A,. (Repub 
lished by permission of the Journal of Genera 
Physiology.®) 


ter, characteristic of the spawning environ 
ment. Conversely, the American fresh-wate 
eel possesses a mixture of both visual pig 
ments, in which rhodopsin—again the spawnins 
type—predominates (fig. 4).7 Certain othe: 
anadromous fishes—alewife, white perch—pos 
sess porphyropsin almost alone (fig. 5). Al 
the euryhaline fishes examined follow a simpl« 
rule: all of them possess, either predominantly 
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Figure 5 
Spectra of the visual pigments of various fishes, illustrating the transition from an exclu- 
sively rhodopsin to an exclusively porphyropsin system, correlated with salinity relations. 
The permanently marine dogfish possesses rhodopsin alone ()mar about 497 mm); the 
catadromous eel and brackish-water killifish, predominantly rhodopsin; the anadromous 
brook trout, predominantly porphyropsin; and the anadromous white perch, wholly 
porphyropsin (Amar about 522 mp). (Republished by permission of the Journal of Gen- 


eral Physiology.’ ) 


exclusively, the type of visual system char- 
teristically associated with the spawning 
ivironment.® § 
To a first approximation these patterns are 
»onetic and independent of the immediate en- 
ronment. The salmonids which were found 
possess mixtures of both visual systems had 
ent their entire lives in fresh water. Ale- 
ves just in from the sea on their spawning 
igration possess porphyropsin almost exclu- 
‘ely. Most striking of all, the cunner and 
utog, members of the wholly marine family 
Labridae, the wrasse fishes, possess porphy- 
psin; this is the only type of marine fish 
t known to do so.® § 
Since the distribution of visual systems 
ong fishes is genetic, one may ask whether 
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it fits into some evolutionary pattern. Many 
paleontologists are convinced that the verte- 
brate stock originated in fresh water. It is 
from such fresh-water ancestors that our 
fresh-water fishes were ultimately derived.* 
The observation that these animals character- 





*The ‘‘ultimately’’ here conceals a thorny problem. 
Fish evolution has probably involved numerous inter- 
changes between fresh-water and marine existence, 
and many present-day fresh-water fishes may have 
had marine forms in their ancestry. In that case 
one should have to assume that the complex of genetic 
changes that has brought stocks into fresh water has 
regularly carried with it the property of using vitamin 
A» and porphyropsin in vision. I cannot suggest a 
genetic mechanism for this association; the associa- 
tion itself is a fact to which as yet no exceptions are 
known. 
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Marine fishes (a,) Land vertebrates (a,) 


Catadronous fishes (4,} A,) 
Amphibia (A, ond A) 


Anadromous fishes (A,> a,) 


Freshwater fishes (A) 


Lampreys (A, and A,) 


Ancestral vertebrates (A, 7) 


Figure 6 

Distribution of vitamins A, and Ag in vertebrate 
retinas. The observations, all made on contempo- 
rary animals, are here correlated with the present 
ecology. They may also, however, represent evolu- 
tionary sequences, and in that case they convey 
the suggestion that primitive vertebrate vision was 
based upon vitamin Ag. 


istically have the porphyropsin system sug- 
gests that this may have been the ancestral 
vertebrate type—a view that receives some sup- 
port from the observation that the sea lam- 
prey, Petromyzon marinus, a member of the 
most primitive living group of vertebrates, 
possesses porphyropsin as an adult® (see be- 
low). Subsequently vertebrates undertook 2 
great evolutionary migrations, one into the 
sea, the other to land. Both led them to the use 
of rhodopsin in rod vision, for this is the pig- 
ment we find characteristically in marine 
fishes and land vertebrates. The euryhaline 
fishes are intermediate between fresh-water 
and marine forms both in life history and in 
the composition of their visual systems. In 
this regard one can arrange the fishes in such 
an ordered sequence as that shown in figure 6. 


Euryhaline Fishes and Amphibia 

One can hardly develop such an argument 
as outlined above without raising questions 
regarding the amphibia. These animals come 
between fresh-water fishes and land verte- 
brates, just as the euryhaline fishes do be- 
tween fresh-water and marine fishes. Most 
amphibia, like most euryhaline fishes, spawn 
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in fresh water. Indeed, the life cycle of t! » 
common frog runs strikingly parallel wi 
that of such an anadromous fish as the s: 
mon. Both originate and go through a lary 
period in fresh water. Both, after undergoi : 
deep-seated anatomical and _ physiologi: 
changes which can in both be described 
metamorphosis, migrate for the growth phas 
the salmon to sea, the frog to land. Both 1 
turn to fresh water at sexual maturity 
spawn. What land is to the frog, the sea 
to the salmon. The euryhaline fishes are t 
amphibia among the fishes. 

In this sense one might speak of almost : 
amphibia as ‘‘anadromous,’’ meaning th 
they spawn in fresh water and are free, 
adults, to go back and forth between fre 
water and the land. [One would like to coi 
mit further etymological atrocities. The ¢s- 
sence of the euryhaline condition is the capac 
ity to migrate, not so much between low and 
high salt concentrations as between hydrating 
(fresh-water) and dehydrating (sea and 
land) conditions. In this sense the amphibia 
are ‘‘euryhaline.’’ Obviously one needs new 
terms, firmly grounded in ecological essentials 
rather than in trivialities.] A few amphibia 
(red-backed and tree salamanders) have de- 
veloped special devices for living permanently 
ashore. I know of no ‘‘catadromous’’ am- 
phibian—that is, one that spawns on land and 
goes through its growth phase in the water. 
A number of aquatic reptiles, however (alliga- 
tors, fresh-water snakes, and turtles), fulfill 
this description nicely. 

If these are substantial parallels, and if t! 
spawning environment decides the pattern 
visual pigments, then one should expect suc! 
an ‘‘anadromous’’ amphibian as the comme! 
frog to possess mainly porphyropsin, like 
salmon. Yet rhodopsin was originally d 
covered in the rods of frogs, and for a lo: 


period all that we knew of this pigment w 


learned with frogs. 

In this dilemma I turned to a tailed a 
phibian with the thought that it might d 
play more primitive properties than the ta 
less types. Adults of the common New En 
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aid spotted newt, Diemyctylus (formerly 
T iturus) viridescens, were found to possess 

rphyropsin exclusively.!° This brought a 
ij st amphibian into the same fold with cer- 
: n anadromous fishes but left the frog in a 

re aberrant position than ever. 

On examining bullfrogs in metamorphosis, 

wever, I found that tadpoles just entering 
|e metamorphic climax possess porphyropsin 

nost entirely, whereas newly emerged frogs 
ve changed almost entirely to rhodopsin.™ 
ie anatomical metamorphosis, which in this 
s) ecies takes about 3 weeks, is accompanied 
this biochemical metamorphosis of visual 
systems. The bullfrog enters metamorphosis 
th porphyropsin, like a fresh-water fish, 

d emerges with rhodopsin, like a land verte- 

ate (fig. 7). 

These observations have recently been con- 
ivmed ;?2) 13 and Wilt!? has shown that the 
metamorphosis of visual pigments in the bull- 
frog can be stimulated to occur prematurely 
by treatment with thyroxine. A similar meta- 
morphosis has also been observed in the Pacif- 
ic tree frog, Hyla regilla1® On the other 
hand, several instances have been recorded in 
which the visual pigment does not appear to 
change at anatomical metamorphosis: the 
frogs, Rana esculenta and temporaria,* and 
the toad, Bufo boreas halophilus.% 

Certain amphibia, therefore, like euryhaline 
fishes, may display both the rhodopsin and 
porphyropsin systems. It seemed for a time 
that one difference between both groups might 
be that in euryhaline fishes the patterns of 
visual system are fixed, whereas in amphibia 
they change abruptly with metamorphosis. I 
shall have more to say of this later. 


Biochemistry of Metamorphosis 
At the time the metamorphosis of visual 
s stems was discovered in the bullfrog, 
a.0ther such change in the same species had 
avready been described. McCutcheon’ had 
und that the properties of hemoglobin in 
is animal change markedly at metamorpho- 
s 3. The oxygen equilibrium curve of hemoglo- 
n, measured at one temperature and pH, goes 
rough a remarkable transition between tad- 
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Figure 7 

Biochemical metamorphosis of visual systems in 
the bullfrog, Rana catesbiana. The tadpole just 
entering the metamorphic climax has in its retina 
vitamin A, (that is, porphyropsin) with only a 
trace of vitamin A, and rhodopsin, whereas the 
newly emerged froglet has just the reverse pattern. 
(Republished by permission of the Harvey Lec- 
tures.11 ) 


poles and adults. The hemoglobin of tadpoles 
has a high affinity for oxygen, and it seemed 
from MecCutcheon’s measurements that the 
shape of its oxygen equilibrium curve might 
be hyperbolic, whereas the hemoglobin of 
young adults has a relatively low affinity for 
oxygen, and its equilibrium curve is distinctly 
S-shaped. 

Riggs!® re-examined this situation in our 
laboratory. He confirmed McCutcheon’s find- 
ing of a striking loss of oxygen affinity at 
metamorphosis. He found, however, that the 
shape of the oxygen equilibrium curve does 
not alter at metamorphosis; it is equally 
sigmoid throughout development. He found 
another important change: tadpole hemo- 
globin exhibits almost no loss of oxygen 
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Figure 8 

Biochemical metamorphosis of hemoglobin in the 
bullfrog, Rana catesbiana. Tadpole hemoglobin has 
a high affinity for oxygen and virtually no loss of 
affinity on acidification (the Bohr effect); adult 
hemoglobin has a much lower affinity for oxygen 
and a large Bohr effect. (Republished by permis- 
sion of the Journal of General Physiology."® ) 


affinity on acidification (that is, no Bohr 
effect), whereas frog hemoglobin has a very 
large Bohr effect (fig. 8). 

It is.clear therefore that hemoglobin, like 
the pigment of rod vision, metamorphoses in 
the bullfrog at the time of anatomical meta- 
morphosis. Both substances are conjugated 
proteins. In the rod pigment, it is the pros- 
thetic group, retinene, which changes; the 
protein opsin, so far as known, remains un- 
altered. In hemoglobin it is the protein, 
globin, which changes; the prosthetic group, 
heme, is the same always.* 


*Such changes in hemoglobin seem to represent a 
fundamental property of vertebrates, for they pene- 
trate to the most primitive forms. Adinolfi, Chieffi 
and Siniscaleo” have recently repofted that larvae of 
the lamprey, Petromyzon planeri, possess 2 hemo- 
globins, and on metamorphosis change to 2 others. 
Sometimes they found all 4 hemoglobins together in 
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Recently Frieden et al.2° have described 
third change in the proteins of this species a 
metamorphosis (fig. 9). In the bullfrog tac 
pole the predominant proteins of the bloo 
plasma are globulins. At metamorphosis, th 
protein concentration of the plasma double: 
and albumins become predominant. Thes 
changes can be induced prematurely, just a 
ean anatomical metamorphosis, by administer 
ing triiodothyronine. 

Still another type of biochemical chang: 
has been shown to accompany metamorphosi 
in frogs and salamanders. Fishes excrete mos 
of their nitrogen as ammonia, whereas lan 
vertebrates excrete their nitrogen primaril: 
as urea or uric acid. Munro?! showed som: 
vears ago that whereas the tadpoles of th 
frog, Rana temporaria, excrete the great bulk 
of their nitrogen as ammonia, at the metamor 
phic climax this animal goes over to excreting 
its nitrogen primarily as urea. At this time, 
also, arginase, the last in the chain of enzymes 
that forms urea, makes its first appearance in 
the liver (fig. 10).* Recently Munro” has 
demonstrated similar changes accompanying 
metamorphosis in the toad Bufo bufo, the 
salamanders Triturus vulgaris and T. crista- 
tus, and the axolotl Siredon mexicanum. 

These observations make a beginning with 
the biochemistry of metamorphosis. They 
show that just as animals in metamorphosis 
undergo radical alterations in anatomy, so 
their biochemistry is fundamentally revised 
at the same time. Indeed both kinds of change, 





metamorphosing animals. Manwell® has_ reported 
finding different hemoglobins in postlarval and adult 
California seulpins (Scorpaenichthys marmoratus, : 
marine teleost). He states also that preliminary ex 
periments on a live-bearing surf perch (Embiotica 
lateralis) reveal a fetal form of hemoglobin. Evi 
dence is beginning to emerge also that certain eur} 
haline fishes have mixed hemoglobin patterns as adult 
that parallel their possession of mixed visual systems 
for 2 to 3 hemoglobins have been found in each o 
a variety of salmons, trout and shad; whereas 
number of permanently marine and fresh-water fish¢ 
each possessed a single hemoglobin.!%. > 

*Brown and Cohen™ have recently analyzed in 4d 
tail the appearance at the time of metamorphosis i 
the bullfrog, Rana catesbiana, of the enzyme system 
concerned with urea synthesis. 
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,atomical and biochemical, herald an ecologi- 
| transition, for they are followed by radical 
anges of habitat. They mark also an evolu- 
mary transition, for these changes offer the 
ost striking instances we know of recapitu- 
tion. The amphibian in metamorphosis 
ems to repeat in rapid summary the changes 
hich accompanied the emergence of verte- 
ates from fresh water onto land. The trans- 
rmations of visual systems and of the pat- 
rns of nitrogen excretion seem to provide 
‘ar instanees of biochemical recapitulation. 
he changes in hemoglobin also seem to in- 
lve aspects of recapitulation.’” *4 Whether 
e changes in serum proteins have this char- 
ter, it is too early to say. In any case, in 
.etamorphosis the anatomy, the biochemistry, 
ud, shortly afterward, the ecology all are 
ansformed, and frequently in some degree of 
cord with the animal’s evolutionary history. 
It is interesting to realize how closely these 
itterns hold together. An aberration in one 
of them seems to call forth appropriate aber- 
rations in the others. The mud puppy, Nec- 
‘urus maculosus, for example, remains to some 
degree a permanent larva, never losing its 
external gills and never emerging from the 
water. Some years ago I found that adult mud 
puppies have porphyropsin alone, like a fresh- 
water fish.2° 
The clawed toad, Xenopus laevis, a member 
of the peculiar family Aglossa, which pos- 
esses neither tongue nor teeth, is a purely 
iquatie form, which, though it metamor- 
‘hoses, ordinarily never emerges from the 
vater. Adults of this species possess in their 
etinas vitamin A» and porphyropsin almost 
xclusively.2> 26 Underhay and Baldwin?’ 
ave recently shown that this species also ex- 
ibits peculiar changes in the pattern of its 
itrogen excretion. As a tadpole it excretes 
itrogen primarily as ammonia. At metamor- 
hosis, like other amphibia, it begins to change 
ver toward urea excretion, so that at the 
eight of metamorphosis it excretes a little 
ore nitrogen as urea than as ammonia. To- 
vard the end of metamorphosis, however, it 
wings back again, so that the adult excretes 
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Figure 9 

Biochemical metamorphosis of plasma proteins in 
the blood of the bullfrog, Rana catesbiana. Tad- 
pole plasma contains a predominance of globulins 
that migrate slowly on electrophoresis at pH 8.6; 
in the froglet a change to a predominance of 
rapidly migrating albumin takes place. This change 
is also induced prematurely by treatment of tad- 
poles with triiodothyronine (Trit). The volume of 
serum used is indicated in parentheses. (Repub- 
lished by permission of Science.®® ) 


about 3 times as much ammonia as urea nitro- 
gen. It is as though this animal, having got 
ready to leave the water, changed its mind; 
and both the getting ready and the change of 
mind are reflected in the nitrogen excretion. 
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Figure 10 
Biochemical metamorphosis of nitrogen excretion in the European frog, Rana temporaria. 
At the metamorphic climax, this animal changes from excreting about 90 per cent of its 
nitrogen as ammonia to excreting about 90 per cent as urea. Simultaneously, the activity 
of arginase, the enzyme that hydrolyzes arginine to form urea, rises sharply in the liver. 
(Drawn from the data of Munro.21 Republished by permission of Academic Press.?°) 


Indeed, Xenopus can change its mind again; 
for if kept moist while yet out of water it 
accumulates huge amounts of urea, perhaps as 
a device for conserving water such as is prac- 
ticed by the elasmobranch fishes. Its return to 
water is attended by a massive excretion of 
urea accompanied by very little ammonia.*® 
We see, therefore, that even the aberrations 
of amphibian metamorphosis, anatomical and 
ecological, are paralleled closely by the bio- 
chemistry. It is probably true that in all cases 
in which the anatomy or the ecology changes, 
the biochemistry also changes. Indeed the bio- 


chemistry may have a primary status; the 
visible alterations in anatomy and ecolog: 
may only reflect prior biochemical changes. 


Second Metamorphosis 

The first requirement of a life cycle is tha 
it be circular. Any organism that leaves it 
natal environment to explore, or grow u 
in, another must return at maturity to repr 
duce its kind. The spawning environment | 
fixed, whatever excursions animals may mak 
as adults, and it is a truism that all animal 
must return to their natal environment t 
spawn. 
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For this reason, any animal that undergoes 
‘ofound changes preparatory to migrating 
ym its natal environment is likely to under- 
a second series of changes in the reverse 
rection before returning. Every metamor- 
iosis invites a second metamorphosis. 
Let us begin with the common spotted newt 
entioned above. This animal begins its life 
an olive-green, gilled larva, living wholly 
the water. After several months it meta- 
orphoses to a lung-breathing, land-dwelling 
t. The color changes to a brilliant orange- 
d, the skin becomes rough and dry, the 
teral-line organs recede. The newt now 
ves 2 to 3 years wholly on land, growing 
eanwhile almost to full size. Then it under- 
oes a second metamorphosis: the color re- 
‘urns approximately to that of the larva, and 
ihe newt regains the wet, shiny, mucus- 
covered skin, the keeled tail, the functional 
lateral-line organs, though not, of course, gills. 
In this mature state it re-enters the water to 
spawn and live out the remainder of its 
life.29 30 
Many anatomical and behavioral aspects of 
the second metamorphosis can be induced pre- 
maturely in red efts by injection or implanta- 
tion of anterior pituitary preparations ;*% 31 
and a significant part of this complex of 
changes—the drive to re-enter the water, and 
the moult to a smooth, wet skin—is stimulated 
in hypophysectomized red efts by injections 
of prolactin, the lactogenic hormone of the 
anterior pituitary.3? 
T have already said that the mature animal 
\ossesses porphyropsin, like a fresh-water fish. 
“hese animals, however, had already under- 
one the second metamorphosis. Red efts on 
xamination were found to possess mixtures 
f rhodopsin and porphyropsin, predomi- 
antly rhodopsin (fig. 11). The second meta- 
iorphosis in this species is accompanied 
herefore by the biochemical metamorphosis 
f its visual system from a predominantly 
ind type to that characteristic of fresh-water 
ypes.2° 


Recently, in extension of the present argu- 
ent, Nash and Fankhauser** have examined 


ireulation, Volume XXI, May 1960 


Spotted newt 
adult 


Percentage absorption 


Wave length~my 


Figure 11 


Second metamorphosis of visual systems in the 
New England spotted newt, Diemyctylus virides- 
cens. Retinas of the land-living red eft contain a 
preponderance of vitamin A,, with a minor admiz- 
ture of A,; retinas of water-phase, sexually mature 
adults contain vitamin A, predominantly or exclu- 
sively. (See Wald.??) 


the nitrogen excretion of this animal. Like 
other amphibia already mentioned, the larval 
newt excretes about 90 per cent of its total 
nitrogen as ammonia. At the first metamor- 
phosis, it goes over to excreting urea, and the 
red eft excretes almost 90 per cent of its 
nitrogen in this form. Then, at the second 
metamorphosis, it turns back again, so that 
in the adults about one-fourth of the total 
nitrogen is excreted again as ammonia. 

This, in turn, brings us back to the sea 
lamprey. This animal has a life cycle much 
like that of a salmon (fig. 12). After passing 
4 to 5 years as a blind ammocoete larva, living 
buried in the sand or mud of its natal stream, 
it undergoes, while still in that position, a 
profound metamorphosis, preparatory to mi- 





Figure 12 

Development of the sea lamprey, Petromyzon marinus. This animal begins its life in 
streams as a blind larva, buried in mud or sand (stages 1 to 7). Then it undergoes a 
first metamorphosis while still in this position (stages 8 to 10), preparatory to migrating 
downstream. Several years later it undergoes a second metamorphosis, to the sexually 
mature adult, and migrates upstream again to spawn and die. (A, B) Transformation of 
the mouth at first metamorphosis from the larval, hooded form (L) to the contracted 
circular form (T). (ne) Notochords of decayed adults found in streams after spawning. 
(Republished by permission of the New York State Conservation Department.*+) 


grating downstream to the ocean or a lake for 
its growth phase. This lasts 114 to 34% years. 
Then the sea lamprey undergoes a second 
metamorphosis, to the sexually mature adult. 
The sexes differentiate visibly for the first 
time: the gonads mature, secondary sex char- 
acteristics appear, the males develop a rope- 
like ridge along the back, and either sex may 
assume golden mating tints. Then these ani- 
mals migrate upstream to spawn.*4 

Some years ago I found that the sea lam- 
prey, taken on its spawning migration, has 
almost exclusively vitamin A» in its retina, 
and I concluded from this that it probably 
possesses porphyropsin.® Since lampreys are 
members of the ancient class Agnatha, which 
includes the most primitive living vertebrates, 


I took this observation to support the view 
that porphyropsin is the ancestral type of 
visual pigment in vertebrates. 

Recently, however, Crescitelli®® reported 
that he had extracted rhodopsin from th 
retinas of this species and pointed out thai 
this goes better with the opposed view, tha 
rhodopsin is the primitive vertebrate pigmen' 

The specimens of sea lamprey examined b 
Crescitelli had just metamorphosed from th 
larval condition and had begun to migrat 
downstream, whereas the ones I had examine: 
were at the other end of their life cycle, m 
grating upstream to spawn. On obtainin 
downstream migrants like Crescitelli’s, I coi 
firmed his observations exactly (fig. 13). Th 
retinas of such animals contain vitamin A an 
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Figure 13 
Second metamorphosis of visual systems in the sea lamprey, Petromyzon marinus. The 
downstream migrants, having recently undergone the first metamorphosis from the larval 
stage, possess rhodopsin. The sexually mature adults, migrating upstream from the sea 
to spawn, have porphyropsin alone. (From Wald.**) 


rhodopsin alone. The upstream migrants, how- 
ver, possess vitamin A» and porphyropsin 
virtually alone.3® We find therefore in this 
ost primitive group of vertebrates another 
‘ iochemical example of second metamorphosis, 
' ke that previously observed in the newt. 
Such second metamorphoses expose funda- 
ental characteristics of the metamorphic 
‘OCESS : 
1. Both the first and second metamorphoses 
iticipate changes in environment. Ordinari- 
they occur in the old environment and are 
mpleted there. They are preparations for 
ie new environment, not responses to it. 
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2. Striking hormonal relationships are as- 
sociated with these events. It has been known 
for many years that the first metamorphosis 
is stimulated in many instances by the thyroid 
hormone. A number of instances are now 
known in which phenomena associated with 
the second metamorphosis are stimulated by 
hormones of the anterior pituitary, including 
specifically the lactogenic hormone, pro- 
lactin 30-82 

3. Just as the first metamorphosis prepares 
the animal to leave its natal environment, so 
the second metamorphosis prepares it to re- 
turn, completing the life cycle. It is of the 
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essence of a second metamorphosis to reverse 
in part the changes which accompanied the 
first metamorphosis. The 2 metamorphoses 
tend to be opposed in direction, anatomically 
and biochemically. 

4. Just as the changes in the first meta- 
morphosis tend to have the character of re- 
capitulations—that is, to coincide somewhat 
with the animal’s evolutionary history—so the 
changes which occur in a second metamorpho- 
sis are likely to be antirecapitulatory, to re- 
verse in direction the sequence of changes 
that accompanied the animal’s evolution. 


The last consideration involves a potential 
source of confusion. As I have already said, 
a life cycle is circular. If one section of it runs 
parallel with the course of evolution, another 
section is likely to run counter to that course. 
Just as every metamorphosis invites a second 
metamorphosis, so every associated recapitula- 
tion invites a subsequent antirecapitulation. 
This is only proper, provided it occurs at the 
point in the animal’s history when it is being 
prepared for the return to the natal environ- 
ment. 

Deep-Sea Fishes; Eels 


Heretofore I have discussed only changes in 
the visual pigments that involve their pros- 
thetic groups. I should like now to discuss 
another type of change, involving the other 
component of a visual pigment, the protein 
opsin. 

A short time ago Denton and Warren*’ re- 
ported that the visual pigments of deep-sea 
fishes, instead of having absorption maxima 
(Amax) near 500 mp, as do the rhodopsins of 
surface forms, have Amax near 480 mp. In con- 
sequence, they are orange in color rather than 
red, and Denton and Warren proposed that 
they be called chrysopsins, or visual gold. For 
reasons which appear below, I prefer to call 
them deep-sea rhodopsins. 

This observation has since been confirmed 
by Munz*§ and by Wald, Brown, and Brown.*® 
It makes good ecological sense ; for the surface 
light that penetrates most deeply into clear 
sea water is blue, and made up of wavelengths 
near 480 mp, and the rhodopsins of deep-sea 
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fishes are more effective through having the'r 
maximal absorption in this region of the spe. - 
trum.*7 

As might be expected, the transition fro: 
surface to deep-sea rhodopsin is not sudde 
A preliminary exploration shows that the a - 
sorption spectra of the rhodopsins shift moi» 
or less systematically with depth from the su - 
face to about 200 fathoms (fig. 14). We fin } 
that throughout such a series the prosthet + 
group—the retinene—remains the same. It 
the opsin which alters.*® We have here a r - 
lationship comparable with that familiar 
the hemoglobins, all of which possess the sai 
heme joined with a variety of globins, differ- 
ent in every species. 

Disregarding the relatively few rhodopsins 
and porphyropsins which lie in exceptiona 
positions, one sees, therefore, a major transi- 
tion from Amax 480 to Amax 500 mp in the 
rhodopsins of marine fishes, correlated with 
depth, and depending on a systematic change 
of opsins; this connects with a further major 
transition from rhodopsin to porphyropsin 
(from Amax 500 to Amax 522 mp) correlated 
with the transfer to fresh water, and depend- 
ing on the change of chromophore from ret- 
inene, to retinenes. 

With this we can return to the ‘‘fresh- 
water’”’ eel (Anguilla). Carlisle and Denton“® 
have recently confirmed our observation that 
this animal, when taken in fresh water, or- 
dinarily possesses the mixture of rhodopsin 
and porphyropsin described earlier ; but they 
find that toward the beginning of its spawning 
migration it goes over to deep-sea rhodopsin 
(fig. 15). Whereas the absorption peak of its 
usual mixture of visual pigments, when the 
eel is in fresh water, lies at about 505 m», 
that of the animal about to migrate lies close 
to 485 mp. Indeed, the rhodopsin of such a 
‘*fresh-water’’ eel preparatory to migration 
is virtually identical in spectrum with thet 
of the permanently deep-sea conger eel.* 

This is another instance of a second met: - 
morphosis (fig. 16). The eel, having bee 
spawned in the depths of the Sargasso Se: 
journeys as a larva (leptocephalus) to th 
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Figure 14 E 
The rhodopsins of fishes taken at various depths in the sea. That of the lancet fish, found 
ordinarily below 200 fathoms, has maz about 480 mp; those of surface forms (scup, 
butterfish, barracuda, flounder) have \inaz 498 to 503 mp. The cusk and cod (from summer 
depths of 40 to 50 fathoms) have \inge £94 to 496 mp, and the redfish (from a depth of 
about 100 fathoms) has \ingr 488 mp. (Republished by permission of Nature.**) 


shores of America or Europe.** There it meta- 
morphoses to the adult form and usually, 
though probably not always, migrates into 
fresh water for its growth phase. Eventually 
it metamorphoses again: its color changes, the 
yes approximately double in diameter, the 
igestive system deteriorates. As though get- 
ng ready for its return to the Sargasso Sea, 
changes also to deep-sea rhodopsin. 
My co-workers, Paul and Patricia Brown, 
ive recently examined such animals at the 
tazione Zoologica in Naples.* The European 
“Recent experiments in our laboratory and at the 
azione Zoologica in Naples by P. K. Brown and 


. S. Brown have demonstrated considerable varia- 
on in the proportions of vitamins A; and Az in the 
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eel about to migrate seaward seems first to 
lose its retinal vitamin A» and retinene, and 
then to begin to combine vitamin A, and ret- 
inene; with a new, deep-sea opsin. The ani- 
mal has already progressed far with this, as 
with the anatomical changes of the second 
metamorphosis, while still in fresh water. 
Such observations can tell us something con- 





retinas of individual eels of both the American and 
the European species. These proportions vary be- 
tween 65:35 and 25:75, with a mean value of approxi- 
mate equality. The visual pigments, rhodopsin and 
porphyropsin, are present in approximately the same 
molar ratios; but since rhodopsin possesses a higher 
specific extinction than porphyropsin, extinctionwise 
rhodopsin tends to predominate. 
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Figure 15 
Second metamorphosis of visual pigments in the European “fresh-water” eel. The yellow 
eel, prior to second metamorphosis, has aw mixture of rhodopsin and porphyropsin (net 
Amar 000 to 505 mu) corresponding to the mixture of vitamins A shown in figure 4. The 
sexually mature silver eel, about to begin its spawning migration to the Sargasso Sea, 
has changed over to deep-sea rhodopsin (maz about 487 mp). (Republished by permission 
of the Journal of the Marine Biological Association of the United Kingdom.'") 


cerning the larval condition. To my knowl- 
edge, no one has yet examined the visual pig- 
ment of the leptocephalus larva, but the fore- 
going discussion suggests strongly that the 
pigment is deep-sea rhodopsin. Similarly, 
though no one seems as yet to have examined 
the retinal pigment of the larval New England 
newt, our observation that the adult at matur- 
ity metamorphoses to porphyropsin implies 
that this is also the larval pigment. Again, 
since the blind ammocoete larva of the sea 
lamprey metamorphoses to an eyed adult 
possessing rhodopsin, this is the first visual 
pigment to appear in this species. Yet the 
fact that in the second metamorphosis the pig- 
ment changes to porphyropsin implies that the 
latter represents the true, albeit missing, lar- 
val type. That is, since the second meta- 
morphosis involves some measure of return 
to the larval condition, it can tell us something 


of the larval state, even of larval properties 
which have been lost in the course of evolu- 
tion. 
Land Vertebrates 

Land vertebrates still pursue their embry- 
ogeny in water, but they have brought the 
water ashore. In a sense they are erstwhile 
amphibia which have carried water ashore ii) 
which their embryos go through the larval 
stages and first metamorphosis. They have 
developed 2 special devices for this: the boxe«- 
in or cleidoic egg, and viviparity. Amphib:« 
still experiment with both. Certain of them 
for example, the American red-backed, slim. , 
and worm salamanders—lay eggs on land wit 
in which the larvae complete their entire d 
velopment. Others—such as the Europe: 
black salamander, Salamandra atra—retain tl! ° 
eggs in the body until the young are ful! 
formed. The European spotted salamande 
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Figure 16 


Development of the American eel, Anguilla rostrata. Left, top to bottom. Three larvae, 
or leptocephali, of various sizes; then 3 larvae undergoing the first metamorphosis; and 
the metamorphosed “glass eel.” The uppermost 3 pictures are enlarged 2.7 times relative 
to the others. Right. The second metamorphosis: (top) American eel in the “green” stage; 
(bottom) a European eel in the “silver” stage, ready for its spawning migration. Note 
particularly in the latter the approximate doubling in diameter of the eye. This large- 
eyed stage has not yet been observed in the American species. (Republished by permission 
of the Department of Fisheries, Province of Quebec.‘ ) 


S. maculosa, ordinarily lays its eggs in streams, 
but if it cannot reach water, permits them to 
develop internally. 
One might hope, therefore, to find residues 
of metamorphosis in the embryogeny of land 
rtebrates, and in this one is not disap- 
ointed. Anatomical residues abound; they 
ere the original source of the idea of re- 
‘.pitulation and were principally responsible 
r its early overexuberance. The embryo of 
land vertebrate undergoes an anatomical 
‘tamorphosis approaching that of an am- 
\ibian. Unlike a larval amphibian, it never 
| is funetional gills; but, for a time, it does 
© course have gill slits, as well as other 
idences of earlier aquatic life. 
One finds biochemical metamorphosis also 
the embryos of land vertebrates, and it in- 
udes some of the same changes with which 
etamorphosis in amphibia has already made 
; familiar. 
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So, for example, the chick embryo develop- 
ing in the egg displays a changing pattern of 
nitrogen excretion which seems at first glance 
to mimic the evolutionary sequence (fig. 17). 
Joseph Needham’s measurements,** *° em- 
bodied in this famous figure, seem to show 
that the embryo begins by excreting about 
90 per cent of its nitrogen as ammonia, like 
a fish; then about 90 per cent as urea, like 
most amphibia; and ends by excreting about 
90 per cent as uric acid, as do adult birds. 

This view by now needs reappraisal. Much 
of the impression conveyed by figure 17 comes 
from the fact that the data are plotted in 
terms of unit dry weight of the rapidly grow- 
ing embryo. The recent measurements by 
Fisher and Eakin*® of the amounts of these 
substances in the whole egg (fig. 18) show 
that the ammonia content remains almost con- 
stant, perhaps even falling slightly, through- 
out incubation. Ammonia seems never to be 
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Figure 17 
Measurements of ammonia, urea and uric acid in the developing chick, plotted in terms 
of unit dry weight of the embryo. (After Needham.) These measurements were orig- 


inally interpreted to mean that the chick embryo first excretes about 90 per cent of its 
nitrogen as ammonia, then 90 per cent as urea, and finally 90 per cent as uric acid. When 
the data are plotted as here, the growth of the embryo is largely responsible for this 
appearance. Actually as figure 18 shows, in the whole egg ammonia remains almost con- 


stant in amount, urea steadily increases, and uric acid rises precipitately and continuously 
after the fifth to seventh day. 


‘‘exereted’’; and its decline in concentration only the terminal member, arginase. 


in figure 17 reflects only its dilution by the What remains of biochemical metamorphiv- 
growing embryo. Urea increases regularly in sis in this account? I think 2 things: 
amount, being not only formed, but excreted 1. A vestige of urea formation and excre- 


selectively into the allantois after the fifth tion, connected with the presence of arginase 
to seventh day.*® It declines in figure 17 only 


in the early embryo. The arginase activity 
because its increase is overbalanced after a 


per unit weight of tissue declines rapidly 
time by the still more rapid growth of the reaching very low values in the fifth to seven 
embryo. Needham, Brachet and Brown** day of incubation,** *® owing in part to ce- 
showed that the sole source of urea is the crease in the concentration of the enzyme, 
hydrolysis by arginase of the arginine of the part to the formation of an arginase-inhi! 
yolk. Urea is not formed from added am- tor.*? 

monia, ornithine or uric acid; and this seems 2. The sudden institution, at about the sa: 
to be true also of the adult chicken.** That time, of urie acid synthesis and excretic 


is, the chicken seems at no time to possess maintained throughout the further life of t 
the enzymatic apparatus for synthesizing urea organism. 


from ammonia and carbon dioxide. Of the A second example: In general, vertebrat 
enzymes of the ornithine cycle, it possesses hold the osmotie pressures of their body fiui 
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Figure 18 


Ammonia, urea and uric'acid content of the incubating chick egg. The ammonia content 
of the-whole egg remains almost constant, perhaps declining slightly. The urea content 
slowly rises, and after a time (days 9 to 11) about half of it is excreted into the allan- 
tois. Uric acid appears in the allantois on about the fifth day, and thereafter accumulates 
rapidly. (Drawn from measurements by Fisher and Eakin.46*) 
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Figure 19 

Biochemical metamorphosis of fluid osmotic pres- 
sure in the developing chick. Ordinates: freezing- 
point depression, a measure of osmotic pressure. 
Abscissae: days of incubation, to hatching on the 
21st day (arrow), and days thereafter; (=) un- 
incubated egg white, (X) subgerminal fluids, (—) 
amniotic fluids, (0) bloods. The embryo begins with 
osmotic pressures characteristic of fresh-water 
fishes and amphibia and ends with the much higher 
osmotic pressure characteristic of mature birds and 
mammals. The duration of functional activity of 
the mesonephros (M) is also indicated. (Repub- 
lished by permission of the Journal of Cellular 
and Comparative Physiology.*°) 
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within narrow limits. In the various groups 
of vertebrates the blood osmotic pressure takes 
characteristic values, correlated to a degree 
with the ecology, and perhaps also with the 
phylogeny (see 1°). Thus, the freezing-point 
depression (A F.P.) of the plasma in fresh- 
water fishes and amphibia lies at 0.45 to 0.55 
C., whereas adult birds and mammals exhibit 
values of 0.55 to 0.65 C. Recent measurements 
in the developing chick®® show that the fluids 
vf the early embryo have freezing-point de- 
pressions of about 0.47 C. (fig. 19). The fluid 
osmotic pressure rises throughout develop- 
ment, with a final spurt at hatching that 
brings it to the adult value (A F.P. = 0.58 C.). 
That is, the embryo begins with a fluid osmotic 
pressure characteristic of fresh-water fishes 
and amphibia and ends with that characteris- 
tic of mature birds.* 


*This may be one example of a much more general 
phenomenon. In the frog Rana temporaria, the 
ovarian eggs have an osmotic pressure like that of 
adult blood (AF.P. = 0.41 C). Within a few hours 
after fertilization this has fallen to about 0.33 C., and 
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A third example: Hall®* has shown th { 
during the embryonic development of t 
chick its hemoglobin changes radically, co 
tinuously losing affinity for oxygen, so th { 
in an adult chicken more than twice as mu 
oxygen pressure is needed for half-saturati 
as is needed in a ten-day-old chick (fig. 2( 
These changes persist for some time aft 
hatching. They are similar in direction to t 
change in hemoglobin that accompanies met 
morphosis in the bullfrog. 

Comparable changes in hemoglobin acco 
pany the embryonic development of all ma 
mals so far examined. It is now well reco: 
nized that in mammals generally, man i 
eluded, fetal hemoglobin is a different speci 
of molecule from maternal or adult hen 
globin (see *°) (fig. 21). Always—with 1 
possible exception of man—the change 
oxygen affinity is in the same direction, a loss 
of affinity as development progresses. The 
fetal and adult hemoglobins of mammals differ 
also in many other ways: in electrophoretic 
mobility, sedimentation rate, resistance to al- 
kali, immunological specificity, solubility, erys- 
tal shape, and amino acid composition (for 
references see 1°). All these changes involve 
the globin moiety of hemoglobin ; the heme is 
the same always. 

The phenomenon of metamorphosis, bio- 
chemical as well as anatomical, extends there- 
fore beyond the amphibia and fishes to include 
the land vertebrates, both egg-laying and pla- 
cental. 

Do land vertebrates exhibit also vestiges of 
a second metamorphosis? I suppose that 
puberty is so to be regarded. To be sure 
this does not prepare a land vertebrate ‘o 





in the gastrula stage reaches the extraordinarily 1o\ 
minimum of 0.275 C. Then it rises again, so tht 
toward the end of the first week of development 
again approaches the adult level (Krogh, Schmi: 
Nielsen and Zeuthen;* Backman and Runnstrém 
Bialaszewiez™). I hardly know whether these chang: s 
in frogs and chicks are properly to be described 
‘“metamorphoses.’’ They may come too early 
development and may be too continuous for that. 
include them tentatively in this discussion in the ho; 
that further examination will clarify their status. 
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Figure 20 


Biochemical metamorphosis of hemoglobin during the development of the chick. Measure- 
ments on dilute solutions of hemoglobin, buffered at pH 6.80, and equilibrated with 
oxygen at 37 C. The affinity for oxygen decreases regularly from the tenth day of incuba- 


tion, and this change continues for some time after hatching. (Republished by permission 
of the Journal of Physiology.*+) 


igrate, for the natal environment is now seg- natal environment ;-and this, of course, under- 
gated, and puberty prepares the animal only goes a profound metamorphosis before being 
inate. Here only one representative cell—the launched upon a migration as formidable, 
‘ermatozoon—completes the return to the relative to its size, as that of any salmon. 
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Figure 21 
Biochemical metamorphosis of hemoglobin in a placental mammal. Oxygen equilibrium 
curves of hemoglobin from a goat fetus (F) and from the mother (M). Both hemoglobins 
were obtained at 15 to 18 weeks’ gestation, and measured in solution at 37 C. and pH 6.8. 
The fetal hemoglobin has almost twice as high an affinity for oxygen as the maternal 
hemoglobin. (Republished by permission of the Journal of Physiology.**) 
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V ‘RTEBRATE METAMORPHOSIS 


Conclusion 

[etamorphosis is a basic and general phe- 
ienon, common to the whole vertebrate 
‘k. It ineludes anatomical, physiological, 
\—perhaps prior to these—biochemical com- 
ents, all designed to prepare the animal 
leave its natal environment. Necessarily, 
order to reproduce, the animal must even- 
lly return, so completing its life cycle ; and 
return may be prepared for by a second 
amorphosis, in some aspects the reverse of 
first. 

dur history as vertebrates is not dust to 
t but water to water. From this point of 
w Nicodemus’s great question can be given 
road and positive biological answer. Every 
imal ean and must return to the ‘‘womb’’ 


ot, indeed, to be born again, but to bear 
‘next generation. For a catadromous fish, 
tlie ‘‘womb’’ is the sea; for anadromous fishes 
aud amphibia, a pond or stream; for land 
vertebrates, a uterus or egg. The question may 
raise additional problems only for man, and 


then only when the sense of return is toward 
the womb of the mother rather than that of 
the mate. 
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IV. EXTRARENAL REGULATION OF SALT 
AND WATER METABOLISM 


Chairman: John V. Taggart, M.D. 





INTRODUCTION 


By Joun V. Taaa@art, M.D. 


In Dr. Smith’s introductory remarks yes- 
terday, he alluded to the tremendously rapid 
erowth of renal physiology in the past 35 
years, and we heard eloquent testimony to 
some of these developments in the program 
yesterday afternoon. During much of this 
period, the renal physiologists have been pre- 
oceupied with problems of salt and water, al- 
most to the extent that, at times, the problems 
of salt and water have seemed to become their 
special province. And yet, we know that 
there is more to a river than its outflow. 
Today, we are going to move upstream, as it 
were, to tissues and sites more or less remote 
from the kidney, where salt and water me- 
tabolism are also of great importance. 

Our first speaker, Dr. Saul Farber, is one 

' the few who have dared to penetrate those 
urky recesses of the body commonly re- 
‘crred to as connective tissue. He will con- 
‘der the problems of salt and water metabo- 

m in this ubiquitous tissue, with particular 
r ference to the role of the mucopolysaccha- 

les, 

Our second speaker, Dr. Alfred Gilman, is 

ll known to all of you. After many produc- 

e years as a renal physiologist, he has 

ved upstream virtually to the source, for 

ring the past year he has directed his 


“rom the Department of Medicine, College of Phy- 


ians and Surgeons, Columbia University, New York, 
ee 
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attention not to the kidney but to ion trans- 
port in the small intestine. I am sure that 
all of us are looking forward with keen an- 
ticipation to hearing this, his first presenta- 
tion of the new data. 

Dr. Knut Schmidt-Nielsen, our third speak- 
er, is truly a peripatetic biologist. At times 
in the past, one could have found him in 
Arizona, studying water conservation in the 
kangaroo rat; later, he might have been found 
in the Sahara, studying the- metabolism and 
thermoregulatory mechanisms of the camel. I 
first met Dr. Schmidt-Nielsen at the Mount 
Desert Island Biological Laboratory, where, 
several years ago, he began working on the 
bird commonly known in Maine as the shag, 
or cormorant. In this marine bird, he dis- 
covered a gland with such unique properties 
that it has excited the interest of everyone 
working in the field of electrolyte and water 
metabolism. The salt gland of marine birds 
promises, I think, to be a material of great 
biochemical interest as well. 

Our fourth speaker calls our attention to 
ion movements within the eye. I think it is 
fair to state that the development of aceta- 
zoleamide brought workers in the fields of 
ophthalmology and renal physiology into a 
particular kinship. Dr. J. Everett Kinsey is 
a biochemist by training. He is the Assistant 
Director of Research at the Kresge Eye In- 
stitute in Detroit and also holds the rather 
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unusual title of Professor of Ophthalmic neglected biological fluid, bile, is one which is 
Chemistry at Wayne University. I think, after proving to have many interesting features 
you have heard his discussion, you will con- anyone interested in salt and water meta 
eede that this is an appropriate title. lism. I hope that by the close of this pap + 

Our final speaker of the morning, Dr. Henry we will all be in a better position to appreci 
Wheeler, will deal with a stream of salt and some of the fascinating vistas of salt a 
water which arises in the liver and then virtu- water metabolism which are offered by cert: 
ally disappears in the intestine. This much- of the extrarenal tissues. 
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Mucopolysaccharides and Sodium Metabolism 


By Sauu J. Farser, M.D. 


This paper deals with the possible relationship between a native, negatively charged 
polyelectrolyte, chondroitin sulfate, and sodium metabolism. The physical chemical 
property of decreased activity of the cations Na, K and Ca in chondroitin sulfate is 
described. The data of experiments indicating an alteration in the mucoprotein metabo- 
lism of the cartilage of the rabbit’s ear in response to the depletion of salt are presented. 


( EVERAL years ago, we were interested 
. ) in measuring the total exchangeable sodi- 
, and the body water in patients with heart 
| sease. Total exchangeable sodium was de- 
mined by the dilution of radiosodium ; body 
ter was measured by the antipyrine dilu- 

n method. Patients with congestive heart 

ilure and edema were studied before treat- 

nt and after cardiac compensation had been 
‘estored and edema could no longer be de- 
ected. The results demonstrated that there 
was an abundance of sodium in the body of 
the patient in congestive heart failure. An 
unexpected observation was the persistence 
of an inereased body sodium in one-half of 
the nonedematous cardiac patients, i.e., after 
the edema was gone.! 

The questions then arose of where the excess 
sodium could be, and why. To date there are 
no answers to these questions. In an effort to 
answer the question of where the sodium 
might be, one could postulate that the excess 
of sodium may be in cells, in bone or in com- 
ponents of the extracellular tissues. An in- 
teresting hypothesis is that excess sodium 
could exist in association with a polyelectro- 
|yte as an osmotically inactive ion, a situation 

hich would explain an abundance of sodium 

ithout equivalent amounts of water. Since 
mnective tissue, or what is loosely called 

‘ound substance, contains polyelectrolytes 

ith a high negative charge, we chose to study 

polyelectrolyte component of such tissue. 


From the Department of Medicine, School of Medi- 
ie, New York ‘University, New York, N. Y. 

These studies are supported by the National Heart 
stitute, U. S. Public Health Service Grant H-1270, 
d by the Life Insurance Medical Research Fund. 
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Hence, our studies concern chondroitin sulfate 
and a tissue rich in chondroitin sulfate, car- 
tilage. 

Cartilage Studies In Vitro 5 

Beef nasal cartilage, a tissue very high in 
sodium and chondromucoprotein was chosen 
for this experiment. Thin slices of cartilage 
were placed in 2 cellophane bags. One bag 
was placed in a vial with H.O and the other 
in a vial with KCl; the KCl solution was 
70 ypEq./ml. The outside solutions were 
changed every 2 hours and analyzed for Na, 
K and Cl (table 1). These experiments showed 
that cartilage can behave as an ion exchange 
resin. 

The H.O, or control, showed slight loss of 
Na and Cl from the cartilage. The outside 
solution of the KCl vial showed a decrease 
in K from 70 »Eq./ml. and an increase in Na. 
Thus, over a period of 14 hours, there was 
an exchange of cartilage Na for K from the 
KCl, and the cartilage was converted from 
an Na to a K eartilage. 

The cartilage was briefly washed and a solu- 
tion of NaCl was placed outside the bag. Na 
now replaced the K in the cartilage. 

Thus, the experiment indicated, as reported 
by Boyd and Neuman,’ that cartilage can 
behave as an ion exchanger. The macromole- 
cule in cartilage, chondromucoprotein, a high- 
negativity charged polyelectrolyte, cannot dif- 
fuse but can associate with exchangeable small 
counterions such as Na or K. These data, how- 
ever, tell us nothing about the osmotic ac- 
tivity of the cations. To measure the activity 
of cations associated with chondromucopro- 
tein and chondroitin sulfate, equilibrium di- 
alysis studies were carried out.® 





Table 1 
Dialysis of Slices of Beef Nasal Cartilage Con- 
centrations in Dialysate 





KCl 
ynEq./ml. in dialysate 
concentration of KCl 

at the start 


nEq./ml. in dialysate of each period = 70 nEq./ml. 





Period Na K Na K cl 
1 3.3 -- 3.: 46.9 41.0 76.0 
4.7 — 3. 25.0 51.6 70.5 
1.9 é 11.7 58.3 70.5 
5.3 64.7 70.0 
5.1 64.8 69.5 

2.9 67.3 70.5 

15 67.7 70.0 

NaCl Dialysis Begun 

uEgq./ml. in dialysate 
concentration of NaCl 


at the start 
of each period =70 wEq./ml. 


44.7 20.0 64.0 
48.9 19.7 67.0 
58.0 11.8 69.2 
63.7 8.8 70.0 
65.4 3.7 70.0 
66.0 2.55 70.0 
Each period was 2 hours of dialysis 
Total “Eq. Lost and Gained 


Periods 1—7 


orm SW bo 


1 


Cartilage Washed ; 


Na lost=1,337 uEq. 

K gained=1,051 wKq. 
8—13 K lost=978 uEq. 

Na gained=1,090 “Eq. 


Equilibrium Dialysis of Chondroitin Sulfate 

Chondroitin sulfate isolated from beef nasal 
cartilage was used in equilibrium dialysis 
studies. The structural formula for Na chon- 
droitin sulfate is shown in figure 1. The 
molecular weight of chondroitin sulfate (ChS) 
is about 20,000 to 30,000; the substance is a 
polymer consisting of 50 repeating units of 
the type shown in figure 1. Each unit con- 
sists of equimolar glucuronate and sulfated 
N-acetyl galactosamine. A counterion such as 
Na is associated with the carboxyl and sulfate 
groups. The salt of chondroitin sulfate is 
usually isolated as the Na, K or Ca salt. 

Solutions of Na, K or Ca chondroitin sul- 
fate were made in the respective chloride salt 
and dialyzed in cellophane bags against the 
respective chloride solution for 24 hours. 
After measuring the volumes, the pH and the 
concentrations of Na, K or Ca and Cl were 
determined .® 


FARBE! 


SODIUM CHONDROITIN SULFATE 


No @ No @ | 
coo © CH,0S0, © | 


ue or 


a 
| 
4 HH — CO — CH, 


SULPHATED — N— ACETYL — GALACTOSAMINE 


METHYL CHONDROITIN 


cH,0H 


#0 ei 
ONG C 4 


| 
NH — CO — CHy 


Figure 1 
Chemical formulas of sodium chondroitin sulfate 
and methyl chondroitin. 


If Na ChS were almost completely ionized, 
we would expect that the data obtained in an 
equilibrium dialysis experiment would obey 
the Donnan equilibrium. However, this was 
not the case; the product of the concentrations 
of Na and Cl inside the bag was always 
greater than the product of the ionic concen- 
trations outside the bag. This indicated that 
a portion of the Na inside the bag was be- 
having as if it were not completely ionized. 
For the moment let us call this bound sodium. 
The bound sodium is caleulated from the for- 
mulations : 

At equilibrium inside the bag: 

(a) Natifree + ChS~Z(Nati bound ChS~ 
then: 

Nato X Clo 

cli , 

Na*i total — Nati fre 


(b) Nati free = 
(ce) Nati bound = 


The concentrations of Na and Cl insit 
(Na; total), (Cl,;) and outside (Na,), (Cl. 
the dialysis bag were determined. The free « 
completely ionized Na; free, is caleulated b 
dividing the product of the concentrations © 
the Na (Na,) and Cl (Cl,) outside the bag b; 
the concentration of Cl (Cl;) inside the bag 
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‘ he bound Na can be obtained by subtracting 
e caleulated free Na from the total concen- 
‘ation of Na inside the bag, value Na; (to- 

1). 

In this way, the equivalents of Na, K, and 

a behaving as bound cations could be deter- 

ined and related to the concentration of ChS 

‘quivalents bound per period ChS). Table 2 

iows the data obtained for Na, K, and Ca at 

\itial concentrations of cations varying from 

) to 140 »Eq./ml. The data indicate that 

yout one-half of the Na and K ions asso- 
‘tated with ChS behave as if they are not ion- 

ed. Another characteristic of the polyelec- 
‘volyte is that, at this range of concentrations 
cf eations, the amount calculated as bound is 
stant. 

In order to establish the role of the car- 

oxyl and sulfate groups in our system, 
iethyl chondroitin was prepared. A methyl 
croup replaces the Na and the sulfated N- 
acetyl galactosamine is desulfated (fig. 1). 
When methyl chondroitin is subjected to equi- 
librium dialysis there appears to be complete 
ionization of K and Cl inside and outside the 
bag. The concentrations of the ions are almost 
equal. There is no significant difference be- 
tween the concentrations of K and Cl inside 
the bag (table 3). 

The data indicate that the activities of Na, 
KX, and Ca in a solution of ChS are decreased. 
This deseribes the data, but what could ex- 
plain the decrease in activities? We can pos- 
ulate that the observations are the result of 
. type of association or interaction which has 
heen described by others as ion pair interac- 
ion or association. Thus, synthetic polyelec- 
rolytes have been shown to have this prop- 
rty.*® Snell has described a similar property 
or inorganic polyphosphates.‘ Tosteson has 
ublished data to indicate a decrease in the 
etivities of Na and K by _ nucleotides.® 
\lathews titrated NaChS with .05 M HCl and 
ound that increasing the NaCl concentration 
iad the effect of decreasing binding of H+ 
yy chondroitin sulfuric acid. He interpreted 
iis data as indicating a specific binding of 
H+? 
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Table 2 


Summary of Cations Bound to ChS in a Con- 
centration of 8.6 wperiods/ml. 








Initial cation 
concentration Nat K+ Ca++ 


uEq./ml. Eq./Period of ChS 


10 : a — 
20 7g : 1.35 

1.32 
60 92 ‘ 1.16 


80 : F 1.50 
140 


Averages 8E 92 1.34 





In summarizing this portion of the presen- 
tation, it may be concluded: (1) that a nega- 
tively charged polyelectrolyte native sub- 
stance, chondroitin sulfate—a component of 
mucoprotein found in cartilage and ground 
substance—has the ability to maintain high 
sodium concentrations; (2) sodium chondroi- 
tin sulfate behaves as an incompletely ionized 
salt and therefore does not exert the expected 
osmotic effect of the measured concentration 
of Na. 


Cartilage Studies In Vivo 


Does mucoprotein play a role in sodium 
metabolism? It may be helpful to answer this 
general question before the possible role of 
the physical chemical properties of mucopro- 
tein in vivo is explored. 

The rabbit ear is a cartilaginous organ 
which is a small manufacturing plant of mu- 
coprotein. There are a good number of cells 
in the ear producing mucoprotein, the meta- 
chromatic material found in cells and in 
extracellular matrix. As a model tissue rich 
in Na and mucoprotein, the rabbit ear is being 
used in assessing the role of mucoprotein me- 
tabolism in Na depletion. 

The effects of the depletion of sodium on 
the electrolyte and chondroitin sulfate com- 
ponents of the cartilage of the ear were stud- 
ied. Sodium depletion was produced in rabbits 
by injecting 5 per cent dextrose in water into 
the peritoneal cavity and removing the fluid 
15 minutes after injection. The fluid removed 
from the peritoneal cavity contained Na, Cl, 
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Table 3 


Mean Values for lon Concentrations Inside and Outside the Bag at Several Concentrations 
of Potassium Chloride and with Methyl Chondroitin (5 mg./ml.) Inside the Bag 








K+oXCl-o (uEq./ml.) 
‘ ia K+iXChi 
Concentration Concentrations at equilibrium Donnan 
KCl at start No. of Cl-o Kti Chi equilibrium 


uEq./ml. experiments pEq./ml. ratios 
20 é 13.8 14.8 13.0 1.05 
40 Y 26.3 28.2 25.9 1.01 
60 : 39.3 42.1 38.7 0.98 
80 : 53.2 54.4 52.1 1.02 











Table 4 and Cl in sodium-depleted and in control ai 
Weight, Ear Cartilage H,O and Serum Electro- mals. As anticipated, there was a decrease 
lytes in Control and Na-Depleted Animals the concentrations of Na and Cl in the seru 
ms of the animals which were depleted of sodiu 
ee ——e Serum and chloride. At the bottom of the table a 
— - shown the quantities of Na and Cl in mK«. 
removed in the peritoneal dialysate. 
a ; ; Values obtained by analyzing the homoge- 
oe as sa nized, dried cartilage of the ear are shown ii 
Depleted? table 5. There is a large decrease in the co 
Na cl centration of Na in the whole tissue amount- 
48 36 ing to 70 »Eq./Gm. of dry tissue. To account 
*Wt.-Kg.=average weight of rabbits. for the Na in the extracellular fluid of the 
+Depleted=total mEq. removed from animals by cartilage, the Na in the chloride space of the 
peritoneal dialysis. ear was calculated and subtracted from the 
total Na. The value for the decrease in the Na 
and very small amounts of K. The peritoneal of the cartilage proves to be 43 wEq./Gm., a 
dialysis was carried out 3 times in 1 day, and sizable decrease in Na. This decrease in Na 
once more the following morning. Two to 3 probably represents Na associated with the 
hours after the final dialysis, blood was ob- mucoprotein of the cartilage. There is little, 
tained by cardiac puncture and the animals if any, change—certainly not a 
were sacrificed. The ears were removed, the K or Ca, which could have indicated an ex- 
cartilage was freed from surrounding tissue, change of other cations for Na. 
cut and weighed. The cut cartilage was ho- Since there is no evidence for exchange of 
mogenized in absolute alcohol, the alcohol K or Ca for Na in the sodium-depleted anima! 
decanted and the homogenized cartilage cartilage, the possibilities remain that H* 
washed in ether. The decanted alcohol was may exchange for Na or there may be a di 
evaporated and the residue analyzed for Na, crease in the mucoprotein or mucopolysa 
K and Cl. These electrolyte values were added charide of the cartilage. Titration data do n 
to those of the dried cartilage which was ana- indicate a change in H* content of the ca 
lyzed for Na, K, Ca, Cl and for mucoprotein tilage. 
constituents, hexosamine and sulfate. The re- In the event that a decrease in mucopol) 
sults indicate that depletion of body Na leads saccharide took place, a decrease in hexos: 
to a decrease of Na in the eartilage of the ear. mine and, in particular, in sulfate would | 
The data in table 4 show the weight of the found. Although there is a decrease in he» 
animals, the per cent of H.O in the cartilage osamine, the error in the method is too larg 
of the ear and the serum values for Na, K to make the difference significant. In pare! 











Control 2.8 62 q 4.5 
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Table 5 
Ear Cartilage Data in Control and Na-Depleted Animals 








Whole tissue 
Na Na* 


Cartilage 
SO.—uM 


Ca Hexosamine 


uEq./Gm. Dry tissue 





Control 439 246 144 


N=9 


Na-depleted 369 203 134 


N=10 
Difference 70 43 





211 (2.9) 


87.6 199 (6.5) 
84.6 184 (7.4) 194 (4.2) 


3 15 17 





*Cartilage Na=whole tissue Na minus extracellular Na as calculated from chloride space 


of cartilage. 
Numbers in parentheses=standard error. 


eses in table 5 are the values for the stand- 

d errors. The decrease in sulfate is statis- 

‘ally significant, but we are reluctant to 

cept the figures as absolute proof since the 
method is probably not sufficiently accurate 

yr such a conclusion. The changes in hexosa- 
iiine and sulfate, however, are of the order 
of magnitude to be expected, for the sum of 
ihe decrease in hexosamine and sulfate should 
theoretically add up to the decrease in so- 
dium. (Each microperiod of ChS has 2 »EKq. 
of sodium and in each microperiod of ChS 
there is 1 »Eq. of hexosamine and 1 pM of 
sulfate. ) 

As a further attempt to show that sodium 
depletion affects mucoprotein metabolism, a 
study is now in progress which employs radio- 
active sulfate to label intracellular mucopro- 
tein of ear cartilage. 

It has been shown by radioautography that 
‘rom 1 to 3 days following injection of S** 
into a rabbit, most of the radioactivity in the 

irtilage of the ear is found in the cells.’ 
‘n an effort to implicate intracellular muco- 

rotein in Na depletion, we took advantage 
‘ the intracellular localization of S** radio- 

‘tivity and performed the following experi- 

ents. 

Pairs of rabbits were injected intravenous- 

, at the same time, with the same volume 

' a solution of S** sulfate. The next day, 1 
the pair of animals was dialyzed against 
ucose and water and the other was dialyzed 
rainst glucose in saline. Each animal was 
alyzed 3 times. The second day after the 
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Table 6 
Comparison of Total S**> Radioactivity Following 
Starch-Block Electrophoresis in Control and in 
Sodium-Depleted Animals 





CPM* 
Control Na-depleted 
619 465 
7,302 4,081 
1,920 1,430 
1,410 1,287 
1,796 1,255 
2,876 2,749 95 
1,824 1,239 .68 
459 245 53 
2,913 1,153 40 
Average "69° 
*Total radioactivity (CPM) is the sum of counts 
under curves as shown in figure 2. 


n 
fo) 
o 





a Oem WIS 


© oo 


injection of S** another dialysis was per- 
formed, and 2 to 3 hours later the animals 
were sacrificed. Thus, we had a sodium-de- 
pleted rabbit and a control dialyzed rabbit; 
each had been injected, 2 days before sacri- 
fice, with the same amount of S*°. 

The cartilage of the ear was weighed, a vol- 
ume of acetate buffer in proportion to the 
weight was added to the cartilage, and the 
tissue was homogenized. The homogenate was 
centrifuged at high speed, the supernatant 
was removed and dialyzed against an acetate 
buffer to remove free S** sulfate. Starch-block 
electrophoresis was carried out in order to 
separate the mucoprotein from other constitu- 
ents of the cartilage. Equal volumes of each 
dialyzed supernatant were applied to a starch 
block and electrophoresis was carried out in 





COUNTS PER MINUTE 


TUBE NUMBER 
METACHROMASIA 


FARBE! 


--- CONTROL 

— SODIUM DEPLETED 

S35 INJECTED 24 HOURS 
PRIOR TO EXPERIMEN 


0 Oe PORTINE 1 0 0 


Figure 2 


S%*° radioactivity after starch-block electrophoresis. Metachromasia-positive indicates 
metachromatic stain with toluidine blue. 


a phosphate barbital buffer of pH 7.0 for 12 
to 14 hours. The starch block was cut into 5 
em. segments and each segment was eluted 
with a constant amount of buffer. After 100 4 
of each eluate was pipeted into planchets, the 
radioactivity was counted. To detect meta- 
chromasia, the staining property of mucopro- 
tein and chondroitin sulfate, 10 % of each 
eluate was applied to a strip of filter paper 
and stained with toluidine blue. 

The results of 1 such experiment are shown 
in figure 2. Along the ordinate are plotted 
counts per minute; along the abscissa are the 
tube number and the result of stain for meta- 
chromasia. The arrow indicates the tube num- 
ber corresponding to the area of application 
of the supernatant. The results show that 
where there is S** radioactivity, there is met- 
achromasia, indicating that the S**° has been 
incorporated into the mucoprotein. There 
seem to be 2 components: one which is more 
radioactive, and another which travels faster 
but has less radioactivity. The broken line 
shows the data obtained from the control and 


the solid line shows the data obtained from 
the sodium-depleted animal. There is less ra- 
dioactive mucoprotein in the cartilage of the 
sodium-depleted animal. Since 2 days after 
the injection of S** the radioactivity is intra- 
cellular, we can assume that the data show a 
decrease in intracellular radioactive mucopro- 
tein, 

A series of 9 such experiments was per- 
formed in 18 animals, of which 9 were con- 
trols and 9 were sodium-depleted. Each ani- 
mal of a pair was given the same amount of 
S*® sulfate intravenously and dialyzed (cor- 
trol 5 per cent dextrose in saline, experimen 
tal 5 per cent dextrose in water). Followin 
final dialysis which was 2 days subsequent t 
S* injection, the cartilage of the ear was h« 
mogenized, the supernatant was dialyzed an: 
starch-block electrophoresis was performed 
The sum of the counts under the curves 0 
each control was compared to the sum of th 
counts of the corresponding sodium-depleted 
animal, and a ratio was calculated. The data 
appear in table 6. In 7 of the 9, the ratio was 
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low .9 and the average of all the ratios was 
}. The data indicate that in sodium-depleted 
imals there is a decrease in intracellular 
lioactive mucoprotein. The observation does 
t necessarily mean that there is a decrease 
total intracellular mucoprotein; the turn- 
er rate may be altered. Experiments are 
| »w in progress to study the turnover rate of 
ucoprotein in sodium-depleted animals. 
The data so far accumulated do not com- 
| ‘ete a hypothesis for the role of mucoprotein 
21d chondroitin sulfate in sodium metabolism. 
he facts presented seem to be related but 
ey do not fit smoothly into the jigsaw puz- 
e. However, we feel that the evidence indi- 
ites that: (1) cations of mucoprotein and 
‘hondroitin sulfate behave as if they are in- 
mpletely ionized; and (2) a tissue rich in 
dium and mucoprotein participates in an 
abnormality of Na metabolism, namely, Na 
depletion. What these properties mean for 
human disease remains a challenging problem. 
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Connective Tissue 

Connective tissue is distinguished from other kinds in being richest in extracellular 
colloid materials, in having a close association with blood vessels—indeed, it serves as a 
support for blood vessels—and in exposing an enormous surface area. In such structures, 
chiefly, do the agencies rule which hold not only mobile water, but also substances dissolved 
in it, such as salts and sugar (glucose). Here few cells are found, but instead a “spongy 
cobweb of delicate filaments” which are held together by a small amount of “cement sub- 
stance.” Within the tiny interstices of this microscopic net of collagenous fibers are 
found protein substances (mucoid and small amounts of albumin and globulin). In this 
mesh, and bound by it in some manner, water and its dissolved substances appear to be 
stored. And it is in this mesh that the fluid collects when the heart or the kidneys fail to 
perform properly their functions—W. B. Cannon. The Wisdom of the Body. New York, 


W. W. Norton & Co., 1932, p. 86. 


irculation, Volume XXI, May 1960 





Ion Transport in the Gut 


By AuFrep GILMAN, PuH.D., anp EtrHou S. Koe.zez, B.S. 


The in vitro preparation of the small intestine of the rat is well suited for studies of 
ion transport. Data from this preparation indicate that the passage of water and electro- 
lytes across the intestinal epithelium depends on active transport. Glycolysis seems to be 
involved as a source of energy for the transport of ions from the mucosal to the serosal 


aspect of the intestinal wall. 


ITERATURE on ion transport from the 
intestinal tract has expanded to the ex- 
tent that a brief review of the subject must 
be limited to selected aspects. In the follow- 
ing discussion, attention will be directed pri- 
marily to the transport of ions from the small 
intestine of the rat, and major emphasis will 
be on data obtained from in vitro preparations. 


Types of Preparations and Their Characteristics 


The in vitro preparation of the small in- 
testine of the rat is a highly desirable prepa- 
ration for the study of ion transport for a 
number of reasons: (1) functional activity 
seems to be little affected by removing the 
intestine from the body if care is taken in 
handling the gut, and it is quickly transferred 
to a favorable environment; (2) transport is 
maintained with little diminution in capacity 
for several hours; (3) the amount of fluid 
transported is sufficiently great to permit an 
accurate analysis of its composition; (4) the 
eomposition of the fluid transported varies 
greatly in different portions of the small in- 
testine, and this permits an approach to the 
study of individual transport systems; (5) 
the composition of serosal and mucosal fluids 
ean be accurately controlled; (6) either net 
fluxes or bidirectional fluxes can be readily 
measured ; (7) substrate requirements, the ef- 
feets of specific inhibitors, metabolic charac- 
teristics, ete., can be determined with relative 
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ease. The great disadvantage is that one 
studying a mixed tissue. However, the co: - 
tribution of the muscularis to total metabo] » 
activity appears to be relatively small. 

Three types of in vitrg preparations ha 
been employed, and each has advantages ai! 
disadvantages. In the ‘‘everted gut sac’’ 4 
selected portion of the small intestine is re- 
moved and everted so that the mucosal sur- 
face is in contact with its external environ- 
ment. A measured volume of fluid of selected 
composition is placed within the sac in contact 
with the serosal surface, and the ends are tied. 
The preparation is then placed in a suitable 
external medium. Changes that oceur in mu- 
cosal fluid can be measured at intervals, and 
the volume and composition of the serosal 
fluid within the sac can be determined at the 
termination of the experiment. Small saes can 
be conveniently studied in the Warburg ap- 
paratus.!:? The main disadvantages relate to 
the extensive manipulation and the limitations 
in the size of the sac (volume of serosal fluid 
when a number of analytic determinations are 
to be performed. 

In another type of preparation, the lumen 
of any length or portion of the small intestine 
ean be cannulated in vivo, washed, removed, 
and placed almost instantly in any oxygenated 
serosal fluid and perfused with an oxygenate 
recirculating mucosal fluid.? Changes in com 
position of both serosal and mucosal fluid ea: 
be determined at any desired interval. Th 
volume of serosal fluid can be sufficient): 
great to permit a relatively constant extra 
cellular environment of the intestinal mu 
cosa, but in the measurement of net trans 
port and of the composition of the transporte: 
fluid analytic errors are exaggerated. 
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“SWEAT” 


RECIRCULATION 
EXPERIMENTS 


Mea/! KReBsS- 


200 HCO3 JEJUNUM 


TRANSPORTED FLUID 
ILEUM 


TECHNIQUE 


NON-RECIRCULATION 
EXPERIMENTS 


TRANSPORTED FLUID 
JEJUNUM = ILEUM 


(No osmotic 
pressure detmns) 


H.0 Transport (mi/g/hr) 13.4 


Figure 1 
The composition of the fluid transported by the small intestine of the rat. 


A preparation with oxygenated circulating 
mucosal fluid can be placed in a chamber in 
a gas atmosphere saturated with water vapor. 
‘'ransported fluid appears on the serosal sur- 
face as droplets and collects at the bottom of 
the chamber.* The volume and composition 
of the serosal ‘‘sweat’’ can be accurately de- 
termined at any desired interval, and changes 
in the composition of the mucosal fluid can 
be followed simultaneously. The ‘‘sweat’’ 
‘echnie is ideal for the study of the ionic 
composition of transported fluid. However, 
ihe composition of the extracellular fluid of 
the mucosal eells will approximate that of 
he transported fluid. 

The authors have employed a modification 
' the ‘‘sweat’’ technic in which oxygenated 
‘ucosal fluid is not recirculated but is per- 

ised from a reservoir at a rate of 5 to 10 ml. 
er minute. This provides mucosal fluid of 

stant composition and permits comparison 
i‘ transport function over consecutive periods. 
‘he function of the gut remains remarkably 
onstant for a period of 2 hours, and the ef- 

‘et of an inhibitor can be accurately assessed 
n the same piece of gut under contro] and 
xperimental conditions.® 
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Composition of Transported Fluid 

The composition of the fluid transported by 
the intestinal epithelium depends, of course, 
upon the contents of the mucosal fluid. Studies 
have been performed on the transfer of a 
wide variety of molecular and ionic species. 
Attention in the present discussion will be 
limited to the composition of serosal ‘‘sweat’’ 
when the mucosal fluid consists of Krebs-bi- 
carbonate solution® containing 500 mg. per 
cent glucose. Only the major monovalent ions 
(Na*, K+, Cl” and HCO3;_) will be considered. 
In the balance of ions, lactate, which is pro- 
duced in large quantity by the intestinal epi- 
thelium, must also be included. 

Fluid transported by the jejunum differs 
greatly in composition from the Krebs-bicar- 
bonate solution perfused through its lumen 
(fig. 1). Both fluids remain essentially isos- 
motic, but the total ion content of serosal 
‘‘sweat’’ is less than that of mucosal fiuid 
because glucose, which is actively transported 
by the jejunum, is present in the ‘‘sweat’’ in 
higher concentration. The ‘‘sweat’’ also differs 
in ionic composition. The concentration of 
chloride is much lower and that of bicarbonate 
higher than that of mucosal fiuid. Lactate 
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Table 1 
Net Transport, Mucosal to Serosal Fluid* 





ml./ 


Jejunum 


Tleum 


nEq./Gm./hr. 


Lac- 
Na+ K+ Cl- HCO;- tate 


1525 47 751 350 4382 


Gm./hr. 


H:0 


transport 


12.1 


GILMAN, KOELLI 


Table 3 


Effect of Various Substances in Maintaining Flui 
Transfer by the Intestine*t 





Initial 
concentration 
(mg./100 ml.) 


Rate of fluid transfer 


Substance (ml./hr.) 


Glueose 500 6.0 


1260 34 1060 110 95 8.6 


*Average values of 11 experiments using jejunum 
and 5 experiments using ileum in which mucosal fluid 
is not recirculated and is of constant composition. 
Rate is expressed per gram dry weight of gut. 


Table 2 


Composition of Mucosal and Transported Fluids* 


mEq./L. 


Na+ K+ Total mOsm./L. 





Mucosal fluid 105 6.2 327 
Transported fluid 135 4.5 329 





*The effect of the replacement of 40 mEq. of 
sodium chloride in mucosal fluid by an osmotic equiva- 
lent of mannitol. The transported fluid remains isos- 
motie with the fluid of origin. Since mannitol is not 
readily absorbed by the gut, a large concentration 
gradient relative to Nat develops. 


appears in both the mucosal fluid and the 
serosal ‘‘sweat’’ and displaces bicarbonate 
ion. Lactate ion is unevenly distributed be- 
tween the 2 fluids. Much more diffuses into 
serosal ‘‘sweat’’ than into mucosal fluid. This 
phenomenon will be considered in greater de- 
tail subsequently. It will suffice to say that 
the true measure of the transport of bicar- 
bonate into serosal ‘‘sweat’’ is represented by 
the sum of lactate and bicarbonate ions. 

Ileal ‘‘sweat’’ is much different in compo- 
sition than that produced by the jejunum. 
Indeed, when cognizance is taken of the dis- 
placement of bicarbonate by lactate, the fluid 
differs little in ionic content from that per- 
fusing the mucosa. 

There is also a significant difference in the 
total net transport capacity of the 2 sections 
of the small intestine (table 1). The rate of 
fluid transport by the jejunum is some 50 to 
100 per cent higher than that by the ileum, 
depending upon the technic employed. This 
difference is due primarily to the greater net 
transport of bicarbonate by the jejunum. The 


Galactose 


Fructose 


500 
500 
500 
500 


6.3 
0.95 
0.95 


bo 
2 


500 
Sodium acetate 120 
120 
Sodium propionate 148 
148 
Sodium butyrate 176 
176 
Sodium pyruvate 600 
200 
100 
Sodium lactate 200 
pL-Alanine 150 
150 
200 


mosoooooooooWw! 
Que MOO HH HO OO wl 


- 
an 


*The substances used were present in the mucosa! 
fluid initially in the concentration shown. 


+Republished by permission of the Journal of Phy 
iology.* 


rate of the transport of chloride is somewhat 
greater in the ileum than in the jejunum. 


Evidence for Active Transport 

There is little doubt that the passage of 
water and electrolyte across the intestinal epi 
thelium results from active transport. No 
appreciable movement of fluid occurs in the 
absence of a suitable substrate or an adequate 
supply of oxygen.* *® Furthermore, convince 
ing evidence exists that energy is directed 
toward the transport of ions, and wate: 
moves along the osmotic gradient thereb) 
created.’ 14. There is no favorable electrica 
gradient for the movement of Na* ions, an 
a high concentration gradient of Na* can bi 
achieved between serosal and mucosal fluid 
if the latter contains a molecular species sucl: 
as mannitol which is not transported by th: 
intestinal epithelium (table 2). 


Substrate Requirements for Ion Transport 

The substrate requirements for fluid trans 
port by the isolated intestine of the rat are 
remarkably specific. Glucose, and to a lesse! 
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140 — 


1204 


| 
/ —— 530 mg./ 
100 100 ml. glucose 


in mucosal fluid 
80 


60 


40 
---- No glucose 
in mucosal fluid 


eo” 
“20° 7000 2000 3000 4000 
Mg. / 100 ml. GLUCOSE IN SEROSAL FLUID 


Figure 2 
ect of glucose concentration in serosal and 
ucosal fluids on rate of fluid absorption. (Repub- 
lished by permission of the Proceedings of the 
ciety for Experimental Biology and Medicine.?* ) 


extent fructose, promotes a high rate of trans- 
port. Various fatty acids and intermediates 
of carbohydrate metabolism fail to supply the 
requisite energy for maximal performance 
table 3).4 A puzzling observation is the fact 
(hat even when the gut is immersed so that 
its serosal surface is in a Krebs-bicarbonate- 
elucose solution, glucose must be present in 
mucosal fluid to be effective as a source of 
nergy (fig. 2).8% 1° It is difficult to be- 
ieve that the small intestine in vivo receives 
is energy for electrolyte transport by the 
simultaneous transport of glucose from the 
ntestinal lumen. Yet this is certainly true 
{ the gut in vitro. One could argue that 
‘lucose present in serosal fluid does not readi- 
y diffuse to the serosal poles of the mucosal 
ells. However, glucose in transport in the 
‘pposite direction readily gains access to sero- 
al fluid. One cannot dismiss this observation 
ightly as an artifact of an ‘‘in vitro’’ prepa- 
ation. 


Source of Energy for Ion Transport 
Glycolysis seems to be intimately involved 
is a source of energy for ion transport. The 
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Table 4 


The Effect of Inhibitors on the Transfer of Fluid 
by the In Vitro Intestinal Preparation*+ 


Rate of 
water transfer 
(ml./hr.) 


Initial concen- 
tration 
Inhibitor (M) 





Phlorrhizin 2) See 0.3 
«107: 0.6 

10° 3.3 

«10° 5.9 

2,4-Dinitrophenol 1.6 
? 2.3 

2.6 


6. 


ow 


Sodium monoiodoacetate 


t1 0 


Sodium fluoride 


AWRrOo woe 


QAOwWan 


Sodium cyanide 


_ 
ao 


Sodium fluoroacetate 


Dm Wr MOS 
ann 


 e 


*In the absence of inhibitors, the average rate of 
transfer is 6.0 ml./hr. In all cases glucose was pres- 
ent in the mucosal fluid in an initial concentration of 
500 mg./100 ml. 

+Republished by permission of the Journal of 
Physiology.’ 


Table 5 
Net Ion Transport in the Jejunum (pEq./hr.)* 





3s 1 5 
a 0 x 
Serosal fluid +915 +550 +199 +156 +355 
Mucosal fluid -900 -500 -412 + 34 -378 


HCO;- + 
Lactate- 








*Net ion transport between mucosal and serosal fluid 
in the jejunum. Note the uneven distribution of 
lactate between the 2 fluids, and the fact that there 
is a large net transport of HCO; into serosal fluid. 


active transport of fluid from the small in- 
testine can be markedly inhibited by agents 
which depress glycolysis. Table 4 depicts the 
observations of Smyth and Taylor* on the 
effects of various metabolic inhibitors on fluid 
transport. It is not surprising that substances 
such as 2,4-dinitrophenol and sodium eyanide 
interfere with active transport. Of greater 
importance to the present discussion is the 
marked inhibition of fluid transport by rela- 





Rate of water transfer (ml./hr) 


250 750 
Glucose concn. (mg/100 ml.) 
Figure 3 
The relation between the rate of water transfer 
and the concentration of glucose in the inner fluid. 
Since the glucose concentration is not constant, the 
horizontal lines are used to indicate the probable 
limits of concentration. (Republished by permis- 
sion of the Journal of Physiology.’ ) 
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10-5 10-4 10-3 10-2 
Concentration of phlorrhizin (M) 
Figure 5 

Effect of phlorrhizin on the production of lactic 
acid by sacs of everted intestine. The continuous 
horizontal line shows the mean value of lactic acid 
production in 8 experiments in the absence of 
phlorrhizin, and the 2 dotted lines are drawn at 
a distance above and below this equal to twice the 
standard error of the mean. (Republished by per- 
mission of the Journal of Physiology.*) 


tively low concentrations of iodoacetate, fluo- 
ride, and phlorrhizin which more specifically 
inhibit glycolysis. Not emphasized by Smyth 
and Taylor is the fact that fluoroacetate which 
acts specifically in the citric acid cycle has 
very little effect on the source of energy for 
transport. There is also a close correlation 
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250 500 750 
Initial glucose conc. (mg/100 ml.) 


Lactate conc. in serosal fluid 
(mg/100 ml.) 


Figure 4 


Relation between lactate concentration in the se: 
sal solution and the initial concentration of gluco 
in the mucosal fluid. It can be seen that wit 
increasing concentrations of glucose in the mucos 
fluid, the concentration of lactate increases up 

a maximum and then remains fairly constant. (Re- 
published by permission of the Journal of Phys 
ology.4) 


Serosal fluid transfer 
(ul. fluid/mg wet we. intestine/hr) 


10°¢ 10°° 10° 
Concentration of phlorrhizin (M) 
Figure 6 

Effect of phlorrhizin on serosal fluid transfer. Th 
points show the increase in volume of serosal fluid 
at various concentrations of phlorrhizin. The hori- 
zontal straight line shows the mean value for 
serosal fluid transfer in 14 experiments in th 
absence of phlorrhizin, and the 2 dotted lines ai 
drawn above and below this at a distance equi! 
to twice the standard error of the mean. (Repu! 
lished by permission of the Journal of Phys: 
ology.1) 


between glucose absorption, lactate produc 
tion, and the rate of fluid transport (figs. : 
and 4).4 Furthermore, agents which inhibi 
glycolysis (fig. 5) depress fluid transport (fig 
6) toa much greater extent than Qos (fig. 7). 
The support of ion transport by the glycolytic 
process has also been shown for other epi- 
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lial membranes, notably the toad bladder 
1 frog skin.'*}14 Indeed, Leaf and co- 
rkers have shown that there is sufficient 
‘eogen in the bladder of the toad to support 
» transport of sodium in the absence of 

s ystrate and oxygen by anaerobic glycolysis, 
d that there is no large discrepancy between 

i e efficiency of energy utilization by the 
lium-transporting mechanism during aero- 
» or anaerobie metabolism. 


Distribution of Lactate 


As mentioned previously, lactate produced 
| the intestinal epithelium appears in much 
| gher concentration in serosal than in mu- 
cosal fluid. This has been observed in the 
isolated bladder of the toad as well as in 
the intestine of the rat.1% 15 

Wilson has suggested that the conversion of 
elueose to lactate may play a role in the ab- 
sorption of glucose in vivo. Furthermore, he 
postulates that the disappearance of bicar- 
hbonate from mucosal fluid is due to the libera- 
tion of lactate ions on the serosal side, and of 
hydrogen ions on the mucosal side of the epi- 
thelial cells. He states that if lactic acid 
rather than lactate ion were liberated on the 
serosal side, complete displacement of bicar- 
honate ion would oceur.’® 

There is little evidence to support this view, 
especially when one considers the net trans- 
port of ions that accompanies glycolysis. Table 
) depicts the large net transport of bicarbon- 
ite that oceurs in excess of lactate production. 
\foreover, Leaf has shown in the bladder of 
‘he toad that the unequal distribution of 
actate is influenced neither by the pH of the 
nedium on either side of the membrane, by 
he transmembrane potential, nor by the con- 
omitant transport of sodium ions.’* He con- 
ludes that the asymmetric distribution is due 
0 the fact that the mucosal surface is less 
ermeable to lactate than the serosal surface 
nd hence, more lactate diffuses through the 
erosal than through the mucosal surface.1® 
“urthermore, in phosphate buffer solutions, 
10 unequal distribution of the hydrogen ion 
‘rom endogenous lactic acid could he demon- 
strated.18 
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Percentage of initial rate of respiration 


10-5 10-4 10-3 

Concentration of phlorrhizin (M) 
Figure 7 

Effect of phlorrhizin on the rate of oxygen con- 
sumption of sacs of everted intestine. The points 
show the rate of respiration in the presence of 
phlorrhizin expressed as a percentage of the rate 
in the same sac before addition of phlorrhizin. 
(Republished by permission of the Journal of 
Physiology.?) 


It seems reasonable to conclude, therefore, 
that the jejunal mucosa actively transports 
ions from mucosal to serosal fluid. The com- 
position of the transported fluid differs 
markedly from the mucosal fluid of origin 
(Krebs-bicarbonate solution): in that it has 
a higher concentration of bicarbonate and a 
much lower concentration of chloride. There 
is a large body of evidence which indicates 
that the energy for transport is provided by 
aerobic glycolysis. The large amount of lactic 
acid produced appears primarily in the serosal 
fluid where it displaces bicarbonate ion. How- 
ever, bicarbonate transport far exceeds lactic 
acid production. Transport in the ileum ap- 
pears similar in a qualitative sense, but there 
are marked quantitative differences. 

In conclusion, it seems clear that the nature 
of the transport system in the small intestine, 
and indeed in any epithelial membrane, re- 
mains to be defined. The intestine of the rat 
in vitro offers a promising preparation for the 
elucidation of basic transport mechanisms. 
Functional capacity seems to be little com- 
promised by placing the gut in an external 
environment, and the variety of technics avail- 
able permits the study of transport of any 
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molecular or ionic species. To those who are 
unfamiliar with the preparation, exploitation 
of this relatively simple technic is highly rec- 
ommended. 
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The Free Life 


What has the organism gained by constancy of temperature, constancy of hydrogen-ion 
concentration, constancy of water, constancy of sugar, constancy of oxygen, constancy 
of calcium and the rest? Is not the poikilothermic animal a very good animal? The bass 
or the perch with a blood on the acid side of normal, what fault is to be found with its 


muscular contraction or its heart beat? 


... It is as a general rule the upper part of the central nervous system which suffers 
if the environment alters beyond physiological limits—J. Bancroft. Features in the 
Architecture of Physiological Function. Cambridge, England, The University Press, 1934, 


pp. 79, 86. 
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The Salt-Secreting Gland of Marine Birds 


By Knut Scumipt-NIELsEN, PH.D. 


Marine birds possess salt-secreting nasal glands which produce hypertonic solutions of 
sodium chloride in response to osmotic loads such as ingestion of sea water. The concen- 
tration of the secreted fluid is always high, several times as high as the maximum urine 
concentration in birds. The presence of this gland must be considered a necessary adapta- 
tion to marine life in animals whose kidney cannot excrete high salt concentrations. The 
structure and blood supply to the gland indicate a countercurrent flow, but at the moment 
it is not possible to explain the high concentrations of the secreted fluid as the result 
of a countercurrent multiplier system. The gland is under parasympathetic nerve control ; 
its secretory function is blocked by anesthesia and certain drugs, ineluding carbonic 


anhydrase inhibitors. 


The Comparative Viewpoint 

FFV\HE SUBJECT which I am going to deal 

with can, I think, be referred to as com- 
parative physiology. Renal physiologists have 
more sophistication in comparative physiology 
than most other physiologists. They are used 
to discussing animals such as alligators and 
frogs and the very interesting and unique 
aglomerular fish, which has a kidney but no 
clomeruli. Names such as Marshall, Smith, 
lorster and others testify to the value of a 
comparative approach in renal physiology. 

This leads me to say, without hesitation, 
something which might have seemed startling 
a few years ago, but, I am sure, will not be 
very surprising to most of this audience; that 
is, that the kidney is not always the most 
important organ of excretion, and, in fact, 
that the mammals constitute the only class of 
ertebrates in which the kidney is always the 
uajor organ of osmoregulation. 

To explain this statement, it is helpful to 
eview briefly the physiologic conditions for 
ife in the sea and in fresh water. Earlier in 
his symposium Dr. Fishman quoted from 
‘hales of Miletus that ‘‘ Water is best,’’ but 
‘e made the comment that salt is also good. 
"o be specific, this is a matter of concentra- 
ion. As you know, the ocean contains over 3 


From the Department of Zoology, Duke University, 
surham, N. C. 

Supported by National Institutes of Health Grant 
(-2228 and Office of Naval Research Contract NONR- 
181 (08). 


irculation, Volume XXI, May 1960 


per cent salt, and the body fiuids of all ver- 
tebrates contain around 1 per cent.* This 
poses serious physiologic problems of osmotic 
loss of water, as well as influx of salt from 
the more concentrated medium. In fresh wa- 
ter, the problems are reversed. Since the water 
contains very little salt, the fresh-water ver- 
tebrates face a steady influx of water and a 
loss of salt to the dilute surrounding medium. 

Dr. Wald suggested yesterday evening that 
the vertebrates have evolved in fresh water. 
That may or may not be so. At this time I 
don’t think we know, but it is convenient to 
start our discussion with fresh-water verte- 
brates. In fresh-water fish and Amphibia, the 
kidney is important because it eliminates, as 
a very dilute urine, the water which enters 
the body due to osmotic inflow. However, one 
could say that their major organ of osmotic 
regulation is not the kidney, for the fresh- 
water fish makes up for the loss of salts 
through active uptake of ions in the gill, and 
the amphibian has a similar mechanism in 
the skin. In fact, the frog skin has become a 
classical object of study because it is so emi- 
nently suited for experimental work on ionic 
transport mechanisms, and has permitted the 


*The most primitive vertebrates, the cyclostomes, 
are exceptions; they are in osmotic equilibrium with 
and have salt concentrations similar to sea water. 
The elasmobranchs are in osmotic equilibrium with 
sea water, but a major part of the solutes in their 
body fluids is urea and trimethylamine oxide, and 
the salt concentration of their body fiuids is similar 
to that of other vertebrates. 
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development of Ussing’s ingenious method of 
measuring the ion flux by means of the short- 
circuit current. 

Salt-water fish have an osmotic loss of wa- 
ter to the concentrated surrounding medium 
and compensate by drinking sea water. The 
excess salt is eliminated by the pump in the 
gill, which, compared to the fresh-water fish, 
has been turned around. Again, we have a 
ease in which the kidney is not the major 
organ of osmoregulation. No amphibian has 
been reliably reported to live in salt water, 
and it seems that the amphibians as a group 
are unable to solve the physiologic problems 
of adaptation to life in salt water. 

Other vertebrates, reptiles, birds and mam- 
mals are, of course, mostly terrestrial. In 
these the kidney is the major organ of excre- 
tion, and, as such, a very efficient organ. The 
mammals, in particular, have evolved a kid- 
ney with a high concentrating ability, which, 
as Marshall pointed out, undoubtedly is re- 
lated to the presence of the loop of Henle. 
More recently, the role of the loop structure 
has become clear with the understanding of 
how it functions as a countercurrent multi- 
plier system. 

Some mammals, birds and reptiles have 
evolved a secondary adaptation to a marine 
habitat. Seals and whales can handle the 
problem of life in salt water because their 
kidney can produce a highly concentrated 
urine. Elimination of the salts from sea wa- 
ter is well within the capacity of the mamma- 
lian kidney. Desert rodents, such as kangaroo 
rats and jerboas, which have to conserve wa- 
ter, have kidneys that can excrete urine more 
than twice as concentrated as sea water. The 
reason that sea water is toxic to man is pri- 
marily that his kidney is not very efficient in 
comparison to other mammalian kidneys. 

The kidneys of birds and reptiles have a 
concentrating ability which is considerably 
less than that of the mammalian kidney, ap- 
parently because they contain no typical loops 
of Henle. Birds, which can excrete a urine 
which is about twice as concentrated as the 
plasma, have some looped nephrons, but these 
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are not as highly developed as in mammal 
Reptiles have no loops in their kidneys, the: 
is no countercurrent multiplier system, an 
their urine cannot be concentrated above tl 
plasma concentration. As a consequence, m: 
rine birds and reptiles cannot rely on th 
kidney for osmoregulation, and they appea 
to have a choice between avoiding the drink 
ing of sea water and acquiring some mean 
for salt excretion more efficient than thei: 
kidneys. 
Marine Birds 


Many birds and a few reptiles have adapte: 
to marine life. Some birds, come to land onl; 
to breed, and spend most of the year on tlh. 
ocean ; others, such as the penguins, have be 
come excellent swimmers and have lost th 
power of flight. The emperor penguin is said 
never to come on land, not even to breed, but 
this statement is merely a play on words, fo: 
the emperor penguin hatches its eggs standing 
on the antarctic ice during the cold pola: 
winter. Many marine birds eat fish, which 
contain much water; this circumstance re- 
duces their problem of salt excretion. In fact 
on a diet of fresh fish, cormorants have plenty 
of water to spare and do.not need to drink 
at all. But other birds eat invertebrates 
which are in osmotic equilibrium with sea 
water; gulls eat mussels, sea urchins and 
crabs, eider ducks filter small organisms out 
of the water, some penguins eat large quanti- 
ties of krill, and so on. How do these birds, 
with their inefficient kidney, eliminate the 
salt that is present in their food and in the 
water they may drink? The answer is that 
they possess an accessory organ, a gland in 
the head, which produces a concentrated salt 
solution that drips off from the tip of the 
beak. 

This salt-secreting gland is highly devel- 
oped in all marine birds, as opposed to ter- 
restrial birds. The gland has long been known 
to anatomists as the nasal gland; it is present 
in all birds, but in terrestrial species it is 
very small.” The size of the gland in marine 
birds is 10 to 100 times as large, a striking 
difference that was noticed long ago. The 
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ual interpretation has been that the funce- 

mn of the gland should be to rinse away the 

‘itating and harmful effects of sea water 

at might penetrate into the nasal cavity. 

ywever, in all the marine birds that we have 
amined, the gland secretes a solution of so- 

im chloride which is more concentrated 

in sea water, and the exclusive function of 

e gland seems to be that of osmoregulation. 

1e species which we have examined, which 

‘lude gulls, terns, auks, penguins, alba- 

osses, petrels, cormorants, pelicans, gannets, 

‘rons and ducks, represent all the major 

ders of marine birds; it seems logical, there- 

ire, to conclude that the salt-secreting gland 
present in all marine birds. 

It is interesting that the gland not only 

large in marine birds, but that, to some 

<tent, its size varies with the exposure to salt 
ads. Long before the function of the gland 
vas known, Schildmacher* found that ducks 
brought up with access to a 3 per cent salt 
olution instead of fresh water developed an 
enlarged gland. However, after a careful dis- 
cussion of the apparently causal connection 
between the size of the gland and salt water, 
Schildmacher repeated the mistake of the old 
interpretation, stating that the only possible 
explanation is that the gland protects the 
iasal mucosa against irritation. 

The change in the size of the gland with 
the degree of exposure to salt was observed 
earlier by the Heinroths, who found that eider 
ducks which were reared in fresh water in the 
Serlin Zoo had smaller gland impressions on 
‘heir skulls than individuals of the same spe- 

ies collected in the wild. However, the rela- 
ive ease with which the gland hypertrophies 
vith use and atrophies with disuse should not 
e taken to mean that terrestrial birds can 
evelop a functional salt gland from their 
asal gland. This does not seem to be the case; 
uly those birds that have an evolutionary 
istory of adaptation to a marine habitat seem 
0 have evolved a gland of significant size, and 
eem to be capable of secreting hypertonic 
olutions. 

With the apparently universal existence of 
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the salt gland in living marine birds, its pres- 
ence in fossil forms can safely be taken as an 
indication of a marine habitat. Some fossil 
birds, such as Ichthyornis and Hesperornis 
from the Cretaceous period, have clear im- 
pressions on the skull where a large gland 
has been located.5 These birds were fish eat- 
ers, and supposedly marine, and the presence 
of the large gland in the same location as the 
salt gland of living birds is a satisfactory 
confirmation of their marine life. 


Marine Reptiles 

Only a few reptiles live in the sea; they 
represent 4 orders: turtles, snakes, lizards 
and crocodiles. The great sea turtles eat fish 
or seaweed, and go on land only to lay their 
eggs on sandy beaches. They are known to 
shed tears as the eggs are deposited, evidently 
a sign of osmoregulation, rather than pain.® 
The sea snakes (Hydrophidae) of the Indian 
Ocean are truly marine; the more primitive 
lay their eggs on land, but the most special- 
ized bear living young and remain at sea 
throughout life. They are reputed to be the 
most poisonous of snakes, and their osmoreg- 
ulation has never been studied. A single liz- 
ard, the Galapagos lizard (Amblyrhynchus 
cristatus) is marine; it lives on the beaches 
of the Galapagos Islands where it eats sea- 
weeds and occasionally blows a spray of drop- 
lets out through its nostrils, reminiscent of a 
puff of smoke from a fiery dragon. This harm- 
less creature is easily handled in the labora- 
tory, and it proves to have an osmoregulatory 
nasal gland that produces the salty fluid 
which is ejected from the nose. The marine 
crocodile (Crocodylus porosus) has been 
found far out at sea, but normally it lives in 
estuarine swamps. A single specimen which I 
had in the laboratory did not respond to os- 
motic loads, and crocodile tears must still be 
classed as one of the mysteries of biology. 


Terminology 
The presence, but not the function, of the 
salt-secreting gland has been known for cen- 
turies? and received considerable attention 
early in the last century.*! It has been called 
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the nasal gland (glandula nasalis), although 
it is not always found in what one would eall 
the nose. In most marine birds it is located 
on top of the head, above the orbit of the eye, 
and has therefore also been called the supra- 
orbital gland, or glandula nasalis supraorbi- 
talis. In the marine turtles the salt-secreting 
gland is seemingly of a different embryologic 
origin. It is located in the posterior part of 
the orbit of the eye, and its duct opens in the 
posterior corner of the eyelids. This gland in 
the turtle should, therefore, probably be re- 
garded as a modified lacrimal gland. It is 
interesting that the gland of the turtle, in 
spite of its different origin, has the same his- 
tologic structure as the gland of the bird. 
Since these glands, which anatomically are 
not homologous, have the same function, the 
need arises for a convenient terminology. We 
have therefore decided to call them salt-se- 
ereting glands, or simply salt glands; this 
designation, then, denotes any gland in the 
head region of marine birds and reptiles 
which, irrespective of anatomic origin, has an 


osmoregulatory function and secretes highly 
hypertonic sodium chloride solutions. 


Response to a Salt Load 

The effect of a considerable salt load in a 
black-backed gull (Larus marinus) is shown 
in table 1. In this ease the bird, which weighed 
1,420 Gm., was given almost one-tenth of 
its body weight of sea water by stomach tube. 
After about 3 hours the total volume of the 
excreta equaled the infused amount, and all 
the ingested salt had been eliminated. In 
other words, a gull handles quite easily a salt 
load which could not possibly be tolerated by 
man. 

Some details of the relative importance of 
the kidney and the salt gland are given in 
table 2. The total amount of fluid excreted 
from the salt gland was 56 ml., while in the 
same 3-hour period 75 ml. was eliminated 
from the cloaca, most of this latter being 
urine. The concentration of sodium was uni- 
formly high in the nasal fluid, while it was 
low in the cloacal fiuid. Thus, the total amount 
of salt eliminated by the salt gland was about 


SCHMIDT-NIELSE » 


10 times as high as the total cloacal excretio 
In other words, in this particular experimen , 
the extrarenal excretion of salt was 10 tim: ; 
as important as the renal excretion. In spi 
of the salt load, the concentration of sodiu: : 
in the urine was low and tended to decrea: > 
further during the experiment, although t! 
kidney has the capacity to excrete concentr: 
tions of sodium up to about 300 mEq./L. Th 
drop in the concentration of sodium in tl 
urine after a salt load has frequently be 
observed in gulls, but. in other species of bir 
about which we have similarly complete rev- 
ords of the effects of a salt load, the concen- 
trations of sodium in the urine have tende| 


to rise toward the concentration ceiling (about 
300 mEq./L.). 


Composition of the Nasal Secretion 

The fluid secreted from the salt gland is 
very simple. Except for epithelial cells and 
other debris in samples collected immediately 
after the start of secretion, the almost neutral, 
watery liquid is clear and colorless. The dom- 
inating solutes are sodium and chloride in 
approximately equivalent amounts (table 3). 
There is a relatively small amount of potas- 
sium, some bicarbonate, and almost nothing 
else. Magnesium and sulfate, which are pres- 
ent in sea water in rather high concentrations, 
are virtually absent from the nasal fluid. The 
amount of organic material, including urea, 
is very small. Phenol red, which apparently 
is excreted by all kidneys, is not secreted by 
the nasal gland and does not appear in the 
fluid. 

Concentration of the Fluid 

The activity of the salt gland is an all-o1 
none phenomenon. If there is an osmotic load 
the gland secretes; in the absence of an os 
motic load, the gland is at complete rest. h 
this intermittency, the gland differs from th 
kidney which produces urine continuously 
The concentration of salt in the nasal secre 
tion is always very high, and remains fairl) 
constant for each species (table 4). Ther 
seems to be a clear connection between th 
concentrating ability of the salt gland an 
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Table 1 


» Total Excretion of Water and Salt in a Black- 
cked Gull After a Load of Sea Water by Stom- 
Tube 








ly weight 1,420 Gm. 
134 ml. 
131 ml. 
54 mEq. 
48 mEq. 


water ingested 

sreta, total volume in 3 hrs. 
ium ingested 

ium exereted in 3 hrs. 


Table 2 
sal and Cloacal Excretion by a Black-Backed 
Il During the 175 Minutes Following the Inges- 
n of Sea Water (see Table 1) 





Nasal excretion 
Sodium Sodium Sodium Sodium 

Vol., cone., amount Vol., cone., amount, 
ml. mN mEq. ml. mN mEa. 


Cloacal excretion 


2.2 798 ae 5.8 38 28 
756 8.2 14.6 71 1.04 
7800s 11.1 25.0 80 2.00 
7760 12.5 12.5 61 -76 
799 5.4 6.2 33 21 
800 3.3 7.3 10 .07 
780 1.5 3.8 12 05 
43.7 75.2 





the feeding habits of the bird. For example, 
in the cormorant, which eats fish that is rela- 
tively low in salt content, the concentration 
in the secretion from the gland is about 500 
to 550 mEq./L. and rarely exceeds 600 
mEKq./L. In the herring gull, which consumes 
more invertebrate food, and consequently 
more salt, the concentration is usually between 
690 and 800 mEq./L.; the great black-backed 
ull which is more marine in its habits, has 
coneentrations between 700 and 900 mKq./L. 
he petrel is a bird with pronounced oceanic 
abits. It spends most of its life at sea and 
mes to land only to breed. It lives on plank- 
mie organisms, mostly crustaceans, which it 
icks off the surface of the ocean as it flies by. 
he planktonic organisms, being inverte- 
rates, have the same osmotic concentration 
; sea water and therefore impose a consid- 
‘able salt load. It is no surprise, therefore, 
iat in the petrel the salt concentration of 
ie nasal fluid is higher than in any other 
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Table 3 


Typical Composition of the Fluid from the Salt- 
Secreting Gland of Herring Gulls 








Nat 718 mEq./L. cr 720 mEq./L. 
Kt 24 mEq./L. HCOs 13 mEq./L.* 
Cat+ + Mgt+ 2.0mEq./L. SO,-- 0.68 mEq./L. 





*Dr. Maren has kindly permitted me to quote aver- 
age figures obtained in his laboratory. For nasal 
secretion these are: HCO;=—9.1 mEq./L., pH=7.03; 
and for plasma: HCO;=21.7 mKq./L., pH=7.48. 


Table 4 


Usual Concentration of Sodium in the Nasal Secre- 
tion of Different Species of Birds* 








Concentration of 

Species sodium, mEq./L. 
Cormorant, double-crested 500-600 
Duck, mallard (550) 
Skimmer, black 550-700 
Eider duck, common (625) 
Pelican, brown 600-750 
Gull, herring 600-800 
Gull, black-backed 700-900 
Penguin, Humboldt’s 725-850 
Guillemot 750-850 
Albatross, blackfooted 800-900 

Petrel, Leach’s 900-1,100 








*Some samples fall outside these limits, which rep- 
resent only the usual range. Numbers in paren- 
theses represent species in which samples have been 
too few to establish a normal range. 


bird we have examined, up to 1,100 or 1,200 
mKq./L. 

No other gland in higher vertebrates, ex- 
cept the mammalian kidney, can produce 
fluids which are concentrated to this degree. 
The concentration limit for electrolytes in 
the kidney of man is about 400 mEq./L., in 
the rat 600 mEq./L., in the kangaroo rat, 
1,500 mEq./L., and in the champion concen- 
trator, the North African rodent Psammomys, 
1,900 mEq./L. Thus, the salt gland compares 
favorably to the kidney in its concentrating 
ability. In other respects the salt gland is 
quite different from the kidney; it secretes 
only sodium chloride, it always produces a 
liquid which is highly hypertonic to the blood, 
and it works as an all-or-none system, becom- 
ing active only after an osmotic load. 
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Table 5 


A Comparison Between the Rate of Secretion from the Salt Gland of the Gull and the 
Volume of Urine During Water Diuresis in Man 


Salt gland, herring gull 0.5 ml./min. 


Flow per Kg. body weight: 


Kidney, water diuresis, man 0.24 ml./min, 


Kidney, GFR, man 1.8 ml./min. 


Salt gland, herring gull 0.6 ml./min. 
Kidney, water diuresis, man 0.03 ml./min. 
Kidney, GFR, man 0.2. mi./min. 


Flow per Gm. gland: 


Volume of Flow 

Although the concentration of the nasal 
secretion is relatively constant, its volume is 
not. The rate of flow can change from zero 
to a maximum which varies with the species 
and, to some extent, between individuals 
within the species. After a salt load is given 
to a bird, the rate of flow rapidly increases, 
and remains rather high for a period that 
depends on the degree of the load. It then 
tapers off and diminishes as the salt is elim- 
inated (table 2). However, the rate can re- 
main at near-maximal levels for hours. That 
this rate is quite high becomes clear when 
the flow from the gland in the gull is com- 
pared wth the fiow of urine during water di- 
uresis in man. In table 5 flows are calculated 
per kilogram of body weight. It may be seen 
that although the osmotic concentration of 
the nasal secretion is high, the production of 
nasal fluid is more than twice the maximum 
water diuresis in man. 


Size of the Gland and Flow Rate 

What is the size of a gland which has this 
amazingly high excretory capacity? Its size is 
not very impressive compared to the kidney ; 
in the gull, which has a relatively large salt 
gland, it is about 0.1 per cent of the body 
weight, while the kidney of mammals ap- 
proaches about 1 per cent of the body weight. 
Thus, if we relate the volume of secretion to 
the weight of the gland rather than to body 
weight, the capacity of the salt gland becomes 
even more striking. The gland of the gull can 
produce about 0.5 ml. of fluid per Gm. of 
gland per minute. The glomerular filtration 
rate in man is about 0.2 ml. per Gm. of kidney 
per minute and in the rat, I believe, about 


0.5 ml. per Gm. of kidney per minute. | | 
other words, despite the considerable osmot : 
work necessary to produce the concentrate | 
fluid, the salt gland can secrete at a raic 
which is as high as, or higher than, the glo- 
merular filtration rate in the mammalia» 
kidney. 


Structure of the Gland 

What is the structure of this unusual gland 
which produces fluid as fast as the kidney 
filters the plasma? Figure 1 shows the loea- 
tion of the gland in the gull. On top of the 
skull there are 2 crescent-shaped, flat glands, 
which are located in shallow depressions in 
the bone. Actually, each gland consists of 2 
parts which are so similar in structure and 
are so closely joined that they can be consid- 
ered as one functional unit, i.e., as one gland." 
Two ducts run from each side down to the 
nose where they open at the vestibular concha. 
From the anterior nasal cavity the secretion 
flows out through the nares and drips off from 
the tip of the beak. A few marine birds have 
closed and nonfunctional external nares; 
characteristically these birds, e.g., gannets 
and cormorants, are good divers and enter the 
water after a fast dive from some height. The 
closed nares probably are a protection agains 
the penetration of water at the time of impact 
with the surface. In these birds the nasal s: 
cretion flows through the internal nares alon 
the roof of the mouth, forward to the tip o 
the beak. 

The glands consist of longitudinal lobes 
which in cross section show tubular gland 
radiating from a central canal (fig. 2). Excep 
for the most distal portion where the cells ar 
somewhat smaller but of the same genera 
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Figure 1 


The skull of the herring gull shows the location of the salt-secreting glands as 2 shallow, 
crescent-shaped depressions in the bone above the orbit of the eye. (Drawing by M. 


Cerame-Vivas.) 


type (fig. 3), the branching, tubular glands 
have a rather uniform structure throughout 
their length. The tubules are closed in the dis- 
tal end, and there is no structure reminiscent 
of the glomerulus of the kidney. The struc- 
ture is characteristic of a tubular gland, which 
indicates that the secreted fluid is elaborated 
only by simple glandular secretion, and that 
there is no ultrafiltration of fluid comparable 
to that in the kidney. This conclusion is sup- 
ported by the fact that inulin does not appear 
in the secretion. 

A retrograde injection of india ink into the 
eland through its duct shows that the ink 
penetrates all the way into the cells, giving 
the appearance of intracellular canaliculi 
vhich probably have a secretory function. 
ilectron micrographs made by Dr. W. L. 
Joyle at the University of Chicago, as well as 
y other investigators, show that there are 
eep infoldings both in the apical and the 
asal parts of the secreting cell, which has 
ome similarity to the tubular cell of the 
‘ephron. It must be assumed that the deep 
ifoldings are intimately related to the fune- 
ion of the cells, and it could be suggested 
hat the elaboration and transport of fluid 
‘oes not necessarily take place as a trans- 
ubular process. If the infoldings prove to be 
imilar to the interdigitations of the renal 
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tubular cells as reconstructed by Rhodin, the 
transport process might indeed take place in 
the intercellular spaces of interdigitating 
cells, rather than across the cell body. These 
studies are being continued by Dr. Doyle and 
will be published elsewhere. 


Blood Supply to the Gland 

The gland receives its main arterial blood 
supply from the arteria ophthalmica interna. 
In the gull, several blood vessels penetrate the 
bony wall of the orbit and enter the gland 
from below. This makes the blood vessels diffi- 
eult to reach, and attempts at perfusion of 
the gland are likely to meet with immense 
technical difficulties. 

The circulation in the lobes of the gland 
can be visualized most easily in preparations 
which have been prepared by the injection 
of the vascular system with india ink."! It is 
found that the main arteries to the gland 
branch into interlobular arteries, which send 
smaller branches into the single lobes. These 
arteries continue toward the central canal, 
where they split up into capillaries which 
run parallel to the tubular glands toward the 
periphery of the lobe. A section cut perpen- 
dicular to the tubular glands (fig. 4) shows 
that the capillaries are interspersed between 
the glands, much as in the papilla of the kid- 





7 
CENTRAL 
CANAL 


Figure 2 
The salt gland of the gull consists of longitudinal 
lobes about 1 mm. in diameter; each lobe has a 
central canal with the branching secretory tubules 
arranged radially around it. (Drawing by M. 
Cerame-Vivas.) 


ney where the vasa recta are interspersed be- 
tween the limbs of Henle’s loop. A diagram 
of the circulation (fig. 5) shows how the blood 
flows parallel to, but in the opposite direction 
from, the flow in the tubular gland. 


Is There a Countercurrent System 
in the Salt Gland? 


The arrangement just described can, of 
course, be recognized as a countercurrent flow, 
and no renal physiologist is unaware of the 
importance of the countercurrent multiplier 
system in the elaboration of a concentrated 
urine in the kidney. However, in the case of 
the salt gland, the countercurrent flow cannot 
be used to explain the elaboration of a con- 
centrated fiuid. A countercurrent multiplier 
system consists of a tube which has been 
turned back on itself to form a loop; but 
in the salt gland we have 2 unconnected tubes 
running in opposite directions. This is typical 
for a type of countercurrent exchange system 
which is particularly well suited for obtaining 
the same concentration in the outgoing fluid 
from one tube as in the incoming fluid in the 
other (fig. 6). In other words, the system in 
the salt gland seems ideal for the elaboration 
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Figure 3A 
In cross section the lobe of the salt-secreting glan’ 
shows the central canal and the radial arrange- 
ment of the secretory tubules. In the lower right 
hand corner an interlobulary vein and an arter 
are visible. 


Figure 3B 


In higher magnification the peripheral ends o/ 
the secretory tubules appear as closed tubes with 
out any similarity to the glomerular apparatus o 
the kidney. However, the peripheral part of th: 
tubule has smaller cells and an appearance whic! 
differs from the more central parts. 


of a secretion which is isotonic with plasma 
and the high concentrations which are ac 
tually produced cannot result from a counter 
current multiplier system. 

It is true that the direction of the blood 
flow may be opposite to what we have as- 
sumed for there is always some doubt about 
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As may be seen in this cross section, the secreting tubules are interspersed with capillaries, 
much like the arrangement in the papilla of the kidney. Compare with the diagrammatic 


cross section to the right in figure 5. 


the interpretation of histologic sections. But 
even if the blood flow were the reverse of what 
we have suggested, with the flow in the same 
direction as the fluid in the gland, the ar- 
rangement would still not be a multiplier 
system. We must therefore conclude that, 
although there is a countercurrent flow, the 
uuntereurrent multiplier principle cannot be 
ed to explain the function of this particular 
and and its ability to elaborate highly con- 
ntrated solutions. 


Nervous Control 
The nerve supply to the salt gland is rather 
mplex and not easily worked out because 
(.e nerves in the head of the bird have a 
‘ mplex course with frequent anastomoses. 
"ie gland is innervated from a ganglion in 
: orbit, the ganglion ethmoidale. This gan- 
on is supplied by a relatively large branch 
the ophthalmic nerve, and a smaller one 
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from the facial nerve, as well as by sympa- 
thetic fibers. Apparently nonmyelinated fibers 
from the ganglion penetrate the bone to reach 
the gland. Electric stimulation of the ophthal- 
mic nerve causes no secretion, but if the small 
branch from the facial nerve is stimulated, a 
fluid of the usual composition, rich in sodium 
chloride is secreted. As far as we can establish, 
the branch of the facial nerve continues back 
toward the inner ear; it is reminiscent of, and 
could be homologous to, the chorda tympani 
which stimulates salivary secretion in mam- 
mals. 

The secretory nerve apparently is parasym- 
pathetic in nature.!? Stimulation of the cervi- 
cal sympathetic chain causes no secretion and 
injection of epinephrine blocks secretion from 
the gland. Acetylcholine, if injected in a prox- 
imal artery, causes the gland to secrete; if 
injected in the general circulation it will, of 
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Figure 5 
The arrangement of the blood vessels and capillaries in the lobes of the salt gland 
indicates that the capillary blood flow is countercurrent to the flow of secreted fluid in 
the secretory tubule. (Drawing by M. Cerame-Vivas.) 


course, be hydrolyzed before it reaches the 
gland. The parasympathomimetic substance 
methacholine (Mecholyl) also causes the 
gland to secrete. 


Effect of Anesthesia 
One difficulty in the study of the function 
of the salt gland is that the secretion is 
blocked by anesthesia. Secretion can always 
be induced in the nonanesthetized bird by an 
osmotic load, for example by the injection of 
hypertonic sodium chloride. Within a few 
minutes, sometimes within 1 minute of an in- 
jected load, secretion will begin. However, 
since anesthesia immediately blocks secretion, 
many further experiments, in particular those 
involving surgical procedures, cannot be ecar- 
ried out. 
Osmoreceptor Refiex 
The effects of anesthesia, of nerve stimula- 
tion, and of osmotic load, indicate a sequence 
of control as suggested in figure 7. The term 


osmoreceptor is used, rather than salt recep- 
tor, because the gland responds not only to 
salt loads, but to osmotic loads in general. lf 
a hypertonic solution of a nonelectrolyte such 
as sucrose is infused, the gland begins to se- 
erete a fluid of the usual composition, with a 
high concentration of sodium chloride. This 
indicates that the secretion occurs in response 
to an osmotic load, rather than to the concen- 


tration of sodium or chloride in the plasma 


Carbonic Anhydrase in the Salt Gland 
It has frequently been proposed that car- 
bonie anhydrase plays an important role in 
ionic transport mechanisms. Since the s 
gland is an organ which apparently has 
other function than the transportation 
sodium chloride, it seems well suited to ¢ 
study of the possible role of this enzyme 
the mechanism of transport. Many sche 
which have been suggested to account 
ionic transport involve bicarbonate and ¢ r 
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100° 


PARALLEL FLOW 


* 


COUNTER CURRENT FLOW 


O% LIMIT 


50° LIMIT 


50° LIMIT 


Figure 6 
Top. Thermal models indicate how the heat flow in a countercurrent exchange system 
leads to equal temperature in the affluent from one tube and the effluent from the other. 
Bottom. A parallel flow leads to equal temperature in the effluent from both tubes. These 
models assume equal volumes of flow in the 2 tubes. If the flows differ the limits change 
accordingly, but in no case can a passive exchange system increase the temperature in 
the effluent from one tube to a level above that in the other. 


honie anhydrase in an ion exchange system. 
With Dr. T. H. Maren, in 1958, we found that 
the salt gland is rich in carbonic anhydrase. 
Of considerable interest is the observation 
that the carbonic anhydrase inhibitor, acet- 
azoleamide (Diamox), when injected into a 
bird whose gland is actively secreting, blocks 
the secretion almost instantaneously.!? This 
result indicates that carbonic anhydrase is 
‘sential to secretion, but it does not prove 
at the block is in the ionic pump of the se- 
‘reting cells. A possible explanation is that 
e block could be somewhere else in the path- 
‘ay indicated in figure 7. To examine this 
issibility experiments were done to deter- 
ine if the gland retains its ability to secrete 
i the presence of the enzyme inhibitor. This 
is actually been found to be the case: direct 
imulation of the gland with methacholine 
£ ves a secretion of the usual composition, 
owing that the ionic pump can work in the 
‘esence of a carbonic anhydrase inhibitor. 
nother possible interpretation, however, is 
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that the inhibition of the secreting cells is a 
matter of relative concentrations, and that, if 
the stimulus is strong enough, the gland starts 
secreting in spite of the presence of the inhibi- 
tor. Further work on this point has been done 
by Dr. James Larimer, a former student of 
mine, in Dr. Maren’s laboratory. 


The Role of Acetylcholine in Secretion 

It is possible that the parasympathetic na- 
ture of the gland affords a clue to the mecha- 
nism of ion transport. The secretion occurs in 
response to the release of acetylcholine from 
the stimulating nerve. This pattern is reminis- 
eent of other systems in which acetylcholine 
has an important influence on the movement 
of sodium, such as in the depolarization of the 
muscle fiber and of the nerve fiber. Recently, 
the Hokins of the University of Wisconsin 
have demonstrated that slices of the salt gland 
in vitro, when incubated with acetylcholine, 
show a greatly increased turnover of phos- 
phatidie acid, as evidenced by radiophos- 
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Figure 7 


Suggested sequence of events in the osmotic stimulation of secretion from the avian 
salt gland. 7 


phorus tracer experiments.!* The Hokins sug- the question. At this time I can only say tha 
gest that phosphatidic acid is an integral part if there is any organ in which an ionie pum) 
of the sodium pump in the gland, and that it and its metabolic ramifications can be studie 
may be the actual ionic transport agent itself. in its pure form, the salt gland of marin 
In a recent series of papers'*!* Scothorne birds almost seems to be designed for this pw 
has described histologic and histochemical pose. 
studies of the nasal gland of ducks and 
pigeons. The gland of the domestic duck, like 1. Scummpr-NretseN, K., Jércensen, C. B., anv 
that of the mallard, its wild ancestor, does Osak1, H.: Extrarenal salt excretion in birds. 
secrete salt, but the gland of the pigeon does Am. J. Physiol. 193: 101, 1958. 
not. In the gland of the duck there is a mod- 2, TEcHNAU, G.: Die Nasendriise der Vogel. J. 
; Ornithol. 84: 511, 1936. 
erate amount of alkaline phosphatase, and a a 
hie} bak a ali (lial Not ScHILDMACHER, H.: Ueber den Einfluss des Salz 
oe a a > a 7 oO es 
men COMERS © wemaaes any ee _ wassers auf die Entwicklung der Nasendriisen. 
all glands have a high content of succinic de- J. Ornithol. 80: 293, 1932. 
hydrogenase ; it seems probable that the pres- . Heryroru, O., aNnD HEINROTH, M.: Die Vogel 
enee of this enzyme in the salt gland may be Mitteleuropas in allen Lebens- und Entwick 
closely related to the energy which is re- lungsstufen photographisch aufgenommen und 
quired to perform en exe si eee =e in ihrem Seelenleben bei der Aufzucht vom Ei 
1 lin one y ng ab beobachtet. 3 vols. Berlin, H. Bermiihler 
of osmotic work. 


1926-1928. 
Obviously, much work remains to be done Marptes, B. J.: Structure and development o 


on this unique gland, which apparently has nasal glands of birds. Proc. Zool. Soc. Londo: 
no other function than that of transporting 1932, p. 829. , 

sodium chloride and therefore seems to be . ype i Sano K,, Pe oe a 
eminently suited for studies of processes in- cae Pe ae a eT ee 
volved in ionic transport. I believe that it is Comet, C.: Collegium privatum Amstelod 
too early to say whether the transport is due 


mense. Amsterdam, 1667. Quoted by Technau 
to a sodium pump or to a chloride pump. My Jacosson, L. L.: Sur une glande conglomérée a} 


personal guess is that it may be a chloride partenante & la cavité nasale. Bull. So 
: : art : 9 

pump, but I have no real support for this no- ee Paris 8: 267, 1815. 

. . ; - . a2 I ie Nas iis 76 

tion except that the proportion of sodium to poise a 7 eget _ 

potassium in the secreted fluid may indicate ; 


: : ; JOBERT, C.: Recherches anatomiques sur le 
that the cation follows passively. In either glandes nasales des oiseaux. Ann. Sci. Nat 


ease, I expect that future work will answer ser. 5, 11: 349, 1869. 
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Water as a Substrate for Life 

Water, of its very nature, as it occurs automatically in the process of cosmic evolution, 
is fit, with a fitness no less marvelous and varied than that fitness of the organism which 
has been won by the process of adaptation in the course of organic evolution. 

If doubts remain, let a search be made for any other substance which, however slightly, 
ean claim to rival water as the milieu of simple organisms, as the milieu intérieur of all 
living things, or in any other of the countless physiological ‘functions which it performs 
either automatically or as a result of adaptation ——L. J. Henderson. The Fitness of the 
Environment. Boston, Beacon Press, 1958, pp. 131-132. 
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Ion Movement in the Eye 


By V. Everett Kinsey, Pu.D. 


The optical integrity and the metabolism of the eye depend on the exchange of substances 
between the blood vessels of the eye and the ocular chambers. The present paper considers 
the exchange of 3 ions in particular, i.e., sodium, chloride and bicarbonate, in the eye, with 
particular reference to the role of diffusion and active transport in determining the ionic 


composition of the various ocular fluids. 


HE TRANSPORT of substances from 

the blood vessels of the eye into the ocu- 
lar chambers maintains the pressure necessary 
for optical integrity and provides for the 
metabolic requirements of the avascular 
structures within. An increase in volume of 
fluid transported with a constant resistance 
to outflow, or an increase in resistance to out- 
flow with a constant rate of flow raises the 
intraocular pressure and may result in glau- 
coma. Conversely, a decrease in the volume 
of fiuid entering the eye against a constant 
resistance, or a reduction in the resistance 
to outflow at constant volume of flow results 
in ocular hypotension. 

Constituents of the plasma move into and 
out of these chambers across bounding mem- 
branes which offer degrees of resistance which 
vary from substance to substance and from 
place to place within the eye. Once within the 
ocular chambers, movement by flow is non- 
discriminatory and that by diffusion is de- 
pendent only on molecular mobility. The 
main regions of transport from the blood to 
the intraocular chambers are: (1) the epithe- 
lium of the ciliary processes (fig. 1) ; (2) the 
capillary walls and epithelium of the iris 
(fig. 2); and (3) some of the retinal layers 
such as the external limiting membrane and 
Bruch’s membrane (fig. 3). 

In part, because of the varying rates of 
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passage of substances through the barrie s 
lying between the blood and the aqueous an | 
vitreous humors, their compositions var» 
from each other and from that of the bloc1 
(table 1).1 

There is bulk flow of fluid from the ciliary 
processes into the posterior chamber and out 
through the lens-iris space into and through 
the anterior chamber where it leaves the eye 
through the trabecular meshwork at the angie 
formed by the iris and cornea. 

Movement occurs also by diffusion within 
the posterior and anterior chambers, between 
the posterior chamber and the lens and vit- 
reous humor, and between the anterior cham- 
ber and the lens and cornea. Also, there is 
probably an active exchange into and out of 
both the cornea? and the lens.® The structures 
involved are shown in the cross-sectional view 
of the anterior segment of a human eye (fiz. 
4). 

I will stress chiefly the movement of the 3 
physiologically important ions, Na, Cl, and 
HCOs, from the blood into and between the 
posterior chamber, anterior chamber, and the 
vitreous body of rabbits. Quantitative deter- 
mination will be made of the proportion of 
each ion which enters the different parts of 
the eye by active secretion and by diffusio: ; 
the ionic composition of the secreted fluid w 
be estimated from the coefficients so deter 
mined. The quantitative approach employ: 
applies to the study of the transport of oth r 
ions and nonelectrolytes into the ocular chai - 
bers, and to movement in and out of the le 
and cornea. Space limitations preclude a d - 
tailed description of movement in these latt r 
structures and an account of the effect 
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Figure 1 


Ciliary process of albino rabbit. PC: posterior chamber. EP: epithelial cell layer. PCL: 
pigment cell layer. CT: connective tissue containing many blood vessels. Phase micrograph 


by George D. Pappas, Columbia University. 


altering 1 of the parameters (flow) of the in- 
traocular fluid system by administration of 
acetazoleamide (Diamox). These aspects of 
ion movement in the eye have been studied by 
a number of investigators.2* 

The mechanism of formation of the fluid in 
the posterior chamber has been the subject of 
s}eculation. A decade ago the author’ pro- 
p sed a unified concept of aqueous humor 
d namies, the so-called ‘‘secretion-diffusion 
t' cory.’’ It was suggested that the movement 
0 constituents of plasma into the posterior 
¢ amber involved an electron transport or re- 
d x pump which resulted in the production 
0 unbalanced hydroxyl ions and the simul- 
ti neous diffusion of all constituents of plasma 
i) o and out of the posterior chamber. The 
h droxyl ions, through reaction with carbon 
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dioxide, were thought to be converted to bi- 
carbonate ions which were electrically neu- 
tralized by the entrance of Na and other 
cations from the blood. The salts which were 
formed in this way diffused into the posterior 
chamber, forming an aqueous humor hyper- 
tonic to the plasma. Because of the hyperto- 
nicity, more water was believed to diffuse into 
the posterior chamber than diffused out again, 
thereby resulting in net transport of water 
into the posterior chamber. 

The observation, some 3 years later,® that 
the concentration of HCO; in the aqueous 
humor of the posterior chamber is even higher 
than that in the aqueous humor of the ante- 
rior chamber, seemed to lend support to the 
idea that bicarbonate formation may be in- 
volved directly in the production of aqueous 





KINSF Y 


Figure 2 


Anterior surface of the iris of the albino rabbit. AC: anterior chamber. N: nerve. Several 
large capillaries are shown. Concentric layers of collagen fibers about these small vessels 
are indicated at the arrows. Photomicrograph by George Smelser, Columbia University. 
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Figure 3 


Retinal vessels in the albino rabbit. BV: venule. V: vitreous humor. In the rabbit retina, 
particularly near the optic nerve, the blood vessels are extremely superficial, as shown here. 
Photomicrograph by George Smelser, Columbia University. 


humor. Recent evidence, however, shows that 
the oxygen consumption of the ciliary proc- 
ses is insufficient to produce the required 
imber of hydroxyl ions’® to account for the 
trance of all of the sodium into the poste- 
vv chamber. Moreover, Auricchio and 
irany' have shown that the mobility of 
‘ater is far too low to enable the osmotic 
‘-adient between the aqueous and the plasma 
move the amount of fluid which flows from 
e plasma to the aqueous. They also question 
e existence of such an osmotic gradient. Ex- 
riments by Auricchio and Wistrand!™ have 
monstrated, too, that acetazoleamide in 
ses which cause considerable reduction in 
i t flow has no effect on the osmotic gradient 
) tween the aqueous and the plasma. Levene™ 
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also questions the physiologic importance of 
a hypertonic aqueous in transporting fluid 
into the eye. 

Thus, doubt has been cast on the idea that 
the bulk flow of aqueous can be accounted for 
by the entrance of Na into the posterior cham- 
ber as an indirect result of the action of a 
redox pump followed by the osmotic entrance 
of water. Alternative mechanisms to account 
for the active transport of Na, not only into 
the eye but across membranes in general, will 
probably await information gained from the 
study of other membrane systems which are 
more accessible to study. Nevertheless, in ac- 
counting for the movement of ions into and 
out of the posterior chamber from the blood, 
and for the bulk flow of fluid through the 
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Figure 4 
Anterior segment of wa human eye. (Republished by permission of Blackwell Scientific 


Publications.*? ) 


eye, it is hoped that the following considera- 
tions will do more than push our limits of 
ignorance from the posterior chamber into the 
infoldings of the cell membranes of the ciliary 
epithelium ! 

A hypothesis consonant with the studies re- 
ferred to above is that fluid is formed in the 
epithelium of the ciliary processes, rather than 
in the posterior chamber, and that it is this 
fluid which flows into the posterior chamber 
as a result of a ‘‘secretory pressure’”’ or, alter- 
nately, emerges as a ‘‘ package,’’ e.g., by pino- 
eytosis. The entrance, if not indeed the forma- 
tion, of such a fluid in the ciliary processes, 
would require the expenditure of energy, and 


its unidirectional transport may be defined as 
secretion. No a priori assumptions need be 
made concerning the exact location of a se- 
ereted fluid before it enters the posterior 
chamber, but conceivably, it may be containe:! 
in the vesicles shown by Holmberg,'* and mor» 
recently by Pappas and Smelser,!* to be pres- 
ent in the ciliary epithelium. 

Because all biologic membranes are mo!? 
or less ‘‘leaky,’’ substances which are tran:- 
ported across the ciliary epithelium unidire: - 
tionally may also move bidirectionally, i. , 
enter and leave by diffusion. That a du: |! 
mechanism of entrance is involved in the ca: 
of at least 1 ion is suggested from the fo 
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lo ring considerations. The steady state con- 
ce itration of ascorbic acid in the aqueous 
hi mor of the posterior chamber is some 25 
ti ies the concentration of ascorbic acid in 
p! isma.?® In the absence of evidence that this 
acd is produced intraocularly,’* the large 
d ference in concentration suggests the exist- 
ee of 1 or more unidirectional transport 
n -chanisms, and it is generally agreed that 
a -orbie acid is secreted into the posterior 
¢) amber. 

Some years ago I showed'® that the concen- 
t) ition of ascorbic acid in the aqueous humor 
rises linearly with levels in the plasma up to 
a out 3 mg. per cent. Above this concentration 
tle secretory mechanism apparently becomes 
si.turated. When the concentration in the 
plasma is raised to very high levels, i.e., above 
those which can be maintained in the aqueous 
humor by the secretory mechanism, Frieden- 
wald!§ observed that a further increase in the 
coneentration in the posterior aqueous occurs ; 
presumably, this increase in the concentration 
of aseorbie acid is brought about by a bidirec- 
tional transport mechanism, i.e., diffusion. 
‘hus, there is evidence for both a uni- and a 
bidirectional transport of 1 substance across 
the blood-aqueous barrier of the ciliary proc- 
ess. 

Figure 5 shows the situation diagrammat- 
ically. Substanees may enter the posterior 
chamber from the blood across the ciliary epi- 
thelium by diffusion or flow. Those which 
enter by diffusion obviously leave, in part, by 
the same route, indicated by lines having dou- 
ble arrows. Those which enter by flow (secre- 
tion), however, must leave in part, at least, 
by some other means, or by another route, 
‘ince flow is unidirectional—indicated by sin- 

le arrows. Diffusional exchange between 
osterior chamber and vitreous humor is also 
hown in figure 5 by lines with double arrows ; 
iovement by flow to the anterior chamber is 
hown by the vertical line with a single arrow. 

Through an analysis of the rates of accu- 

ulation of the isotopes Na** and Cl®* in the 

osterior chamber, Reddy and I?® have ana- 
zed the mode of entrance of ions from the 
lood to the posterior chamber, i.e., the pro- 
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Figure 5 
Movement of substances into and out of the poste- 
rior chamber shown diagrammatically (CP: ciliary 
process, PC: posterior chamber, AC: anterior 
chamber). 


portion of ions transported by diffusion and 
flow. We also have made an estimate of the 
ionic composition of the secreted fluid as it 
emerges from the cells of the ciliary processes 
into the posterior chamber. 

With respect to the anterior chamber, the 
proportions of the Na and Cl which enter as 
a result of flow from the posterior chamber 
and by diffusion across the iris vessels have 
also been calculated. 


Posterior and Anterior Chambers 


The major factors which control the accu- 
mulation of a substance in the posterior cham- 
ber are: 

1. The concentration in the secreted fluid. 

2. The rate of flow of the secreted fluid into 
the posterior chamber. 

3. The rate of flow of the aqueous humor 
from the posterior chamber to the anterior 
chamber. 

4. The rate of diffusion between blood and 
posterior chamber. 

5. The rate of diffusion between posterior 
chamber and vitreous humor and lens. 

The proportion of the total amount of any 
substance entering the posterior chamber by 
diffusion and flow can be approximated from 





Figure 6 
Model of posterior chamber and vitreous considered as a cylinder with 10 equally spaced 
stations or compartments in which the cross-sectional area is equal to that of the posterior 
chamber—vitreous interface. The depth of shading illustrates a concentration gradient at 
a particular time as a function of the distance away from the posterior chamber. 


an analysis of the time course of entrance of 
the substance from the blood, and the ratio 
of concentrations in aqueous and plasma at 
steady state, if the rate of loss by flow to the 
anterior chamber and by diffusion to the lens 
and vitreous is known. 

One of the difficulties in the mathematical 
analysis of experimental data involving the 
transfer of substances into the posterior cham- 
ber arises from the fact that the concentration 
of a test substance in the blood (e.g., an iso- 
tope) is seldom constant throughout the time 
of observation. A more serious complicating 
factor stems from the difficulty of estimating 
the loss of the test substance to the vitreous 
and lens.* 


*About one-tenth as much sodium and chloride is 
lost to the lens as to the vitreous humor, and since 
the mathematical model to be described is only an 
approximation of the geometry of the eye, I will 
refer only to the loss to the vitreous hereafter. 


Palm and I*° employed the method of nu 
merical integration to analyze results obtained 
with radioactive Na. This method took into 
account the changing concentration in the 
plasma but made no allowance for the fact 
that the vitreous humor is not well mixed. 
Friedenwald and Becker*! devised a more 
elaborate mathematical method of treating 
the same data which involved exponential 
analysis; it allowed for neither a varying 
concentration of plasma nor for the lack o 
mixing in the vitreous. A graphic method « 
integration has been used by Maurice”? whic: 
compensated both for the varying plasn 
concentration and for the loss to the vitr: - 
ous; but, it did not distinguish between tl 
amount entering the posterior chamber | 
secretion and the amount entering this chan 
ber by diffusion. 

Recently Dr. Reddy and I'® have analyze 
data on the accumulation of both Na and ( 
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Figure 7 
The relation between the concentration of sodium and chloride in the secreted fluid and 
the coefficient of diffusion between the plasma and the posterior chamber, assuming the 


concentrations at steady state in the aqueous of the posterior chamber and vitreous humor 
are equal. 


by a method which takes into account varying 
concentrations in the plasma and loss to the 
vitreous without making the restrictive as- 
sumption that this chamber is well mixed. 
This was accomplished by the use of an elec- 
trical analog computer. The difficulty arising 
from the changing concentrations of these 
substances in blood was overcome by feeding 
values of the actual concentration of the sub- 
stance in the blood into the computer as an 
input; the difficulty associated with loss to 
the vitreous was overcome by treating the con- 
centration in the vitreous as a function of 
time and position. This more general method 
of treatment leads to a partial differential 
equation which relates time, concentration, 
and distance traversed by the test substance 
into the vitreous. It also makes it possible to 
distinguish between entrance by flow and dif- 
fusion. 
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In the treatment of the analytic data, a 
further refinement which introduced no math- 
ematical complications was the introduction 
of a term a@ in the equation describing en- 
trance by diffusion into either the posterior 
or the anterior chamber. This refinement com- 
pensates for differences in the electrochemical 
activity of anions and cations developed as a 
result of the presence of protein in the plasma 
(Donnan effect). The numerical values used 
for a were those given by the inverse relation 
between the concentrations at steady state as 
predicted by the Gibbs-Donnan effect, i.e., 1.05 
and 0.95 for Na and Cl, respectively, viewed 
from the side of the intraocular chamber. 
These values are closely similar to the theo- 
retic ones caleulated by Van Slyke (0.96 and 
1.04) .78 

No attempt was made to take into account 
other possible electrochemical potential differ- 
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Table 1 


Concentration of Various Substances in the Intraocular Fluids of the Eye of the Rabbit* 








Sample Sodium Potassium Chloride Total CO: Phosphate Glucose 


Vitreous 134 9.5 104.7 26.0 0.40 0.46 12.0 3.0 
Posterior aqueous 136} -- 96.5 37.5 0.58 1.38 9.9 5.6 
Anterior aqueous 138 5. 101.0 30.2 0.89 1.11 9.3 5.4 


Ascorbate Lactate 





Plasma 143 5.6 108.8 20.6 2.04 0.04 10.3 5.7 


*All values are expressed in mM per Kg. of water. 


+Estimated. 


Table 2 


Symbol Designation 


Units 


Any Area of posterior chamber—vitreous interface em.” 


a Donnan factor 


C, Concentration in aqueous humor of anterior chamber 
Ch Concentration in aqueous humor of posterior chamber 


Cp Concentration in plasma 

Cs Concentration of secreted fluid 
Cy Concentration in vitreous humor 
D Diffusion constant 


Dimensionless 

Relative units* or mM/Kg. H:0 
Relative units or mM/Kg. H.0O 

Relative units or mM/Kg. H2O 

Relative units or mM/Kg. H:O 

Relative units or mM/Kg. H:O 


em.”/min. 


Transfer coefficient by diffusion posterior chamber min.” 


to vitreous 


Transfer coefficient by diffusion plasma to 


posterior chamber 


kra Transfer coefficient by flow into and out of 


anterior chamber 


ken Transfer coefficient by flow into and out of 


posterior chamber 
Va Volume of anterior chamber 
Vn Volume of posterior chamber 
Vy Volume of vitreous 
x Space variable 


min. 


min.” 


min. 


em. 
em.” 
em. 
em. 


*A relative unit is defined as a percentage of the concentration in the plasma once the 
concentration reached in the plasma is essentially constant. 


ences such as that known to exist across frog 
skin, since at the time this study was made 
no one had demonstrated an appreciable po- 
tential difference within the ciliary processes. 
Meanwhile, Berggren** has shown that the 
ciliary epithelial cells are about 70 mV nega- 
tive with respect to the posterior chamber, 
but since there is little potential difference (5 
mV) across the epithelium as a whole, i.e., 
between the stroma and the posterior cham- 
ber, the observed potential difference from the 
inside to the outside of the cells may have no 
special significance as far as transporting ions 
into the posterior chamber is concerned. 


The rate of accumulation in the posterior 


chamber of a test substance which enters both 
by secretion and diffusion, and the loss to 
the anterior chamber by flow and to the vitre- 


ous and lens by diffusion, have been described 
previously”! by an equation essentially iden 
tical to the following: 

oP = Kem (C,— Cn) + Kan (Cp Cr) 

Kany (Cn — Cy). (1) 

The meaning of the symbols in equation (1 
and those equations that follow is given in 
table 2. 

The last term of the equation adequatel) 
describes the situation only if the fluid in the 
vitreous humor is well mixed; moreover, th: 
equation does not contain a term to describ 
the effect of the Donnan forces. 

For the purpose of estimating the diffu 
sional loss of a test substance through the 
unmixed vitreous, this body was considered 
to be a cylinder, having the same volume a: 
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Figure 8 
The concentration of Na*4 in the plasma, posterior and anterior chambers of the rabbit 


eye at various times after parenteral administration. (Republished by permission of 
Documenta Ophthalmologica.?9 ) 
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Figure 9 
The concentration of Cl8® in the plasma, posterior and anterior chambers at various 


times after parenteral administration. (Republished by permission of Documenta O phthal- 
mologica.?9 ) 


he vitreous, and with a cross-sectional area 
‘qual to that of the interface between the pos- 


ae , 
The space derivative 7— was approximated 
x2 


erior chamber and the vitreous. As illustrated by finite differences so that an ordinary dif- 
n figure 6, discrete stations were chosen at ferential equation, with time as the independ- 
‘qually spaced points throughout the vitreous. ent variable, could be established at each of 
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Figure 10 
The concentration of C14-labeled total carbon dioxide in the plasma, posterior and anterior 
chambers of the rabbit eye at various times after intravenous administration of C1'-labeled 
bicarbonate. (Republished by permission of A.M.A. Archives of Ophthalmology.**) 


the 10 stations in the vitreous. The resulting 
system of simultaneous differential equations 
for the vitreous, in conjunction with an equa- 
tion to follow describing the accumulation of 
the test substance in the posterior chamber, 
was solved with the analog computer. The 
exchange between the posterior chamber and 
the vitreous was established from the approx- 
imation of the derivative so generated at the 
interface between the posterior chamber and 
vitreous, i.e., the first station only. The nu- 
merical values obtained were continually 
substituted for the last term of equation (2) 
and at any moment in time the value is equal 


to: 
DA,, : 
( Ax VY. (C, — C,) ) 


x = 0 is boundary between posterior cham- 
ber and vitreous. 


Equation (2) describes the rate of accumu- 
lation of a test substance in the posterior 
chamber and differs from equation (1) in 
that it includes the vitreous term involving 
the space derivatives just discussed and the 
term a (Donnan factor). 


dC, \ . 
at = ke (C,—Cy) + Kam (C)—2eC,) — 


DA, 
( Ax V,, 


x =). 


x= 0. 


(C, — C,) 


Expressed in words, the equation says tha 
the rate of change of concentration of an: 
substance in the posterior chamber is equal to 
the flow rate times the difference in concen 
tration between the ‘‘secreted’’ fluid and the 
fluid in the posterior chamber, plus the diffu- 
sion rate times the difference in concentration 
in the plasma water and the effective concen 
tration in the posterior aqueous, minus the 
decrease in concentration owing to diffusional! 
loss to the vitreous humor. The latter, in turn, 
is equal to a factor composed of the diffusion 
rate of the substance within the vitreous times 
the area of the posterior chamber—vitreous 
interface divided by the thickness of vitreous 
in the first station, times the volume of the 
posterior chamber, which is multiplied by the 
difference in concentration in the posterior 
chamber and vitreous. 

The values for the concentration in th 
posterior chamber (C),) and plasma (C,) ar 
known from experimental observations; tha 
for the vitreous (C,) is obtained as describe: 
above by computation. The flow rate (kp) ir 
the rabbit eye is known from independent ex 
perimental data (perfusion,2> tonography,” 
turnover of para-aminohippuric acid?*) to b 
about 3.5 ul. per minute, which is equal t 
about 6 per cent of the volume of the posterio 
chamber per minute. The value for a depend 
upon the charge of the ion under considera 
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Figure 11 
Relative concentrations of bicarbonate in the hu- 
mors of the rabbit eye. (Republished by permission 
of Documenta Ophthalmologica.’ ) 


tion and has been assumed to be 1.05 and 0.95 
for cations and anions, respectively. The value 
for the volume of the posterior chamber (V;) 
has been estimated from studies of histologic 
sections ;27 that for the area of the posterior 
chamber—vitreous interface has been estimated 
to be 1.1 em.?; the value for the diffusion rate 
within the vitreous (D) has been shown to 
be the same as through a salt solution having 
ipproximately the same concentration as the 
vitreous.?2 

The 2 unknowns in the equation are the con- 
‘entration in the secreted fluid (C,) and the 
‘alue for the coefficient of diffusion, (kan). 
While neither of these terms is known, it is 
ossible, nevertheless, to solve the single 
‘quation because of the fixed relationship they 


year to each other. Since the value for a 


s equal to zero under steady state conditions, 
he relationship between C, and ka», can be 
btained from the known concentrations in 
he aqueous of the posterior chamber and in 
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Figure 12 
Relative concentrations of chloride in the humors 
of the rabbit eye. (Republished by permission of 
Documenta O phthalmologica.? ) 


the plasma, and from the flow rate, if the 
assumption is made that the concentration in 
the vitreous is equal to that in the posterior 
chamber, or if the concentration in the vitre- 
ous lying next to the posterior chamber is 
known. The lines in figure 7 show the relation 
between C, and kz», for Na and Cl, assuming 
(as is only approximately true, see table 1) 
that the concentrations in the posterior cham- 
ber and vitreous at steady state are equal. It is 
apparent that the greater the value for ka.ps, 
the greater the difference between the concen- 
tration in the posterior chamber and that in 
the secreted fluid. 

The major factors which control the accu- 
mulation of a substance in the anterior cham- 
ber are: 

1. The concentration of a substance in the 
fluid flowing from the posterior chamber. 

2. The rate of flow of the fluid in and out 
of the anterior chamber. 

3. The rate of diffusion between blood and 
anterior chamber. 





Table 3 


Numerical Values Used in Solving Text Equations 


Anv=1.1 em? 

Dya=0.92 X 10% em.*/min. 
Dei=1.38X10* em.?/min. 
kea=.013 min. 


km=.06 min.* 
V.=.25 em* 
Vn=.055 em.® 
Ve=15 om? 





4. The diffusional exchange between an- 
terior chamber and cornea. 

The proportion of a substance entering by 
diffusion from the iris and by flow from the 
posterior chamber can be approximated from 
an analysis of the time course of the entrance 
of the substance into the aqueous from the 
plasma. 

Friedenwald and Becker,! on the basis of 
data reported by Maurice,* have estimated 
that the diffusional exchange between the 
aqueous of the anterior chamber and the 
cornea could account for only about 10 to 15 
per cent of the total turnover of Na** in the 
anterior chamber. The magnitude of the ex- 
change between anterior chamber and lens has 
not been estimated but is probably less than 
that between this chamber and the cornea. In 
the absence of similar information concerning 
C}°®, no account will be taken in the computa- 
tions which follow of the exchange between 
the cornea and the anterior chamber for either 
ion. If the appropriate correction were to be 
applied, it would have the effect, at least for 
Na, of increasing the coefficients for flow and 
diffusion by approximately 10 to 15 per cent 
each. 

If we neglect flux to the cornea, the accu- 
mulation of a substance in the anterior cham- 
ber is described by equation (3) : 
os saad Ka (Cy . C,) + Kapa (C, 7 

The equation says that the rate of change 
of concentration of any substance in the an- 
terior chamber is equal to the flow rate times 
the difference in concentration between that 
existing in the posterior and anterior cham- 
bers, plus the diffusion rate times the differ- 
ence in concentration of the substance pres- 
ent in the plasma water and the effective con- 
centration in the anterior chamber. 

All of the terms are known except the dif- 
fusion rate between plasma and the anterior 


aC,). (3) 


KINSE* 


chamber, and it is this which will be evalu 
ated. 

The rates of accumulation of Na** and Cl 
in the posterior and anterior chambers of th 
eye of the rabbit following the parenteral ad 
ministration of these substances are shown ii 
figures 8 and 9; the concentrations of Na** an 
Cl°* in the plasma are also shown. The line 
through the points were plotted by means o 
the analog computer, using the numerica 
values for the terms of equations (2) an 
(3) shown in table 3. 

The values for the diffusion and flow coef 
ficients for the posterior and anterior cham 
bers, and the concentrations in the secrete: 
fluid which correspond to the data, are give: 
in table 4. The relative units of concentration 
as shown in figures 8 and 9 and the fifth col 
umn of the table, were converted to ordinary 
units of concentration (mM/Keg. HO) on th 
basis of analytic data obtained previously by 
the author.® The concentration of Na in the 
secreted fluid which corresponded most closely 
was found to be slightly in excess of that in 
the aqueous of the posterior chamber; the 
concentration of Cl was significantly below 
the concentration in the aqueous. The data 
show that two-thirds of the Na** enters the 
posterior chamber by secretion and one-third 
by diffusion, whereas less than one-third of the 
CI°* enters by secretion, and over two-thirds 
by diffusion. The turnover rate of Na** in the 
posterior chamber is 9 per cent and that of 
Cl°6, 21 per cent of the volume of this chamber 
per minute. 

Approximately equal quantities of Na enter 
the anterior chamber by flow from the poste- 
rior chamber and by diffusion through th 
iris vessels. Significantly more Cl enters by 
diffusion than by flow. The difference in th 
magnitude of the diffusion rates for Na and 
Cl is approximately proportional to their dif 
fusion rates in water. The turnover rates in 
the anterior chamber are 2.6 per cent and 3.1] 
per cent per minute for Na and Cl, respec 
tively. 

The rate of accumulation of total CO.78 fol 
lowing its parenteral administration is show! 
in figure 10. The concentration of HC!*Ogz in 
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Table 4 


The Coefficients* of Transfer by Diffusion and Flow in the Posterior and Anterior Cham- 
bers and the Concentration of Sodium and Chloride in the Secreted Fluid Entering the 
Posterior Chamber Which Were Used to Produce a Fit to the Experimental Data 


Posterior chamber 


Flow Diffusion Flow 
(Key) (ka pn) (ky ,) 


Na” 06 03 013 
cr 06 15 013 


*The units are reciprocal time (min.”*). 


ie posterior chamber approached the steady 
ate level (which incidentally, in the rabbit, 
ut not in man, lies above that in the plasma) 
) rapidly that the rate of penetration cannot 
eadily be determined. 

Dr. Reddy and I believe that the explana- 
ion for the apparent rapid turnover rate of 
sicarbonate lies in the fact that the turnover 
if total CO. between plasma and aqueous 
1umor, as determined by isotopically labeled 
bicarbonate, involves not only the entrance 
of total CO» contained in the secreted fluid, 
but the separate rates of diffusional exchange 
across the blood-aqueous barriers of free COs, 
bicarbonate ion, and undissociated carbonic 
acid. Unlike the situation for Na and Cl, the 
characteristics of the blood-aqueous barriers 
are not the sole factors controlling the turn- 
over rate. For the bicarbonate system, the rate 
of conversion of COs to HCOs also influences 
the turnover rate. 

Normally, free CO» diffuses rapidly from the 
blood across the stroma and epithelium of the 
ciliary processes or, in the instance of the 
interior chamber, through the iris vessels. In 
ransit, labeled CO. exchanges for unlabeled 
“Og where the former is hydrated to form 
abeled HCO 3. The bicarbonate ion, in effect, 
secomes ‘‘trapped’’ in the aqueous humor to 
‘he extent that its diffusibility into the blood 
s less than that of free COs. Catalyzed by 
arbonic anhydrase, the conversion of labeled 
‘Og to labeled HCO; probably occurs at a 
‘ery rapid rate in normal animals. This re- 
ction has the effect of reducing the concen- 
ration of labeled CO, available to diffuse back 
0 the blood. The trapping action tends to 
naintain the gradient of free C!40. between 
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Diffusion Relative 


(Kg pa) units mM/Kg. H:O 


013 98 
018 47 


blood and aqueous close to that prevailing 
initially until the total labeled CO. has almost 
reached steady state level. 

Green and Sawyer,?® who have performed 
similar studies on the accumulation of HCO; 
in the aqueous, take a different view and be- 
lieve that it is the bicarbonate ion itself which 
penetrates rapidly to the posterior chamber 
and that the conversion of COs to HCO; does 
not contribute appreciably to the bicarbonate 
concentration in the aqueous humors. The 
present author finds it difficult to understand 
why the bicarbonate ion, which is larger than 
Cl and has the same charge and solubility 
characteristics, could enter the posterior cham- 
ber at least 10 times as rapidly as Cl. It should 
be noted, too, that administration of acetazole- 
amide 15 minutes prior to giving labeled 
HCO,78 decreases the rate of accumulation of 
total COz by at least 10-fold—an effect readily 
explicable by the known inhibiting properties 
of this compound on the hydration of COs. In 
other words, the acetazoleamide suppresses the 
turnover through interference with the trap- 
ping mechanism. 

The rate of accumulation of total labeled 
COs in the aqueous humor of the anterior 
chamber is much lower than in the posterior 
chamber, but it is relatively more rapid than 
that of Na and Cl. Because the accumulation 
of total COz in the anterior chamber, like that 
in the posterior chamber, depends on the sep- 
arate rates of entrance of COs and HCOs and 
also on their rates of interconversion, the rate 
of penetration of the bicarbonate ion itself re- 
mains unknown. 

While the turnover rate of HC!*O; in the 
posterior chamber was too rapid to permit 
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Figure 13 


The concentration of Na®4 and Cl*® in the posterior chamber and in several compartments 
of the vitreous model as determined with an analog computer. (Republished by permis- 
sion of Documenta Ophthalmologica. ) 


evaluation of the concentration of this ion in 
the secreted fluid by the same method of treat- 
ment given Na and Cl, its concentration was 
estimated on the basis of the following assump- 
tions and rationale. 

The total concentration of cations is ap- 
proximately equal to that of Na and K. It is 
assumed that the concentration of K in the 
secreted fluid is approximately equal to that 
in the plasma. About 90 per cent of the anion 
concentration consists of Cl and HCO ;; the 
remainder consists mainly of lactate and as- 
corbate. Because lactate is a relatively large 
ion, it appears probable that this ion will be 
present in the secreted fluid in a still more 
deficient state than Cl, i.e., about one-half of 
the concentration in the plasma, or 4 mM per 


Kg. of water. Ascorbic acid is thought to enter 
the posterior chamber chiefly by secretion, 
hence the assumption that its concentration in 
the secreted fluid is about 1.5 mM per Kg. o! 
water, or just slightly higher than that in 
the aqueous of the posterior chamber. No a 

lowance is made for PO, SO, or amino acid 

Table 5 shows the estimated ionic compos 
tion of the fluid secreted into the posterio: 
chamber. For comparison, the composition « 
the aqueous humor of the posterior chamb« 
and plasma as obtained analytically is als» 
shown. 

The concentration of the constituents of tl 
secreted fluid differs from the concentratio 
of the constituents of the plasma still mo 
than does that of the posterior chamber, th 
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ost striking difference being the high con- 
ntration of HCQOs3 and the relatively low con- 
ntration of Cl. The contrasting situation 
ith regard to the concentration of HCO; and 
‘| in the secreted fluid and humors of the eye 
ompared with plasma is shown graphically in 
ures 11 and 12. The numbers represent 
onecentration in mM per Kg. of water. 

While a detailed account of the several as- 
‘umptions and sources of error involved in 
‘stimating the composition of secreted fluid 
is given elsewhere,!® it is appropriate here to 
point out that the most serious source of error 
may be in the assumption that the volume 
flow of fluid in and out of the posterior cham- 
ber is the same. The values for the concentra- 
tion of the ions in the secreted fluid, as shown 
in table 5, would be too low by an amount 
equal to the ratio of the volume of water en- 
tering to the volume of water leaving the 
posterior chamber by flow if this assumption 
were incorrect. Thus, if the bulk flow from the 
plasma into the posterior chamber were in re- 
ality but one-half that which flows out, the 
actual values for the concentration of the se- 
creted ions would be twice those reported. It 
is noteworthy, however, that the relative con- 
centrations for all the ions would be unaffected 
regardless of what proportion of the net 
amount of water enters by diffusion. Thus, the 
values reported for the concentration of the 
different ions in the secreted fluid must be 
considered minimal. 

In ecaleulating the concentration of Na and 
Cl in the secreted fluid, the assumption has also 
been made that the concentration of each ion 
is a constant linear function of its concentra- 
tion in the plasma. This same assumption has 
been made tacitly in calculating the turnover 
rates of substances in the anterior chamber 
from data which show their rates of accumula- 
tion without taking into account the concentra- 
tion of the substance present in the posterior 
chamber. The assumption introduces an error 
in these calculations because the concentration 
in the posterior chamber, like that in the 
anterior chamber, rises gradually and at times 
may actually reduce the concentration in the 
anterior chamber; e.g., see figure 8 for time 
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Table 5 


Calculated Values for the Composition of the Fluid 
Secreted into the Posterior Chamber in Comparison 
with the Composition of the Aqueous Humor of the 
Posterior Chamber and of Plasma at Steady State 








Secreted Aqueous posterior 
fluid chamber Plasma 





mM/Kg.H,O mM/Kg.H,O mM/Kg. H,O 
Nat 146.5 145 149.5 
Kt 5 
Total cations af a 


Cl- 

HCO;- 
Lactate” 
Ascorbate™ 
Total anions 


pH ; - ‘ 3 





*Caleulated on the assumption that the COz tension 
of the secreted fluid is the same as that of the 
plasma. No allowance was made for organic acids 
present. 


periods after 70 minutes. Because of the mi- 
nute distances involved in the ciliary proc- 
esses, however, it seems likely that the compo- 
sition of the secreted fluid at any moment may 
in fact bear a reasonably close linear relation- 
ship to the composition of the plasma. That is, 
there is probably an extremely rapid flux be- 
tween the plasma and some intra- or extra- 
cellular compartment in the ciliary epithe- 
lium. 

I believe that the data discussed in this 
paper help clarify the movement of ions into 
and out of the posterior chamber. At the same 
time, however, these data pose fundamental 
questions concerning the intimate mechanism 
of the formation of a secreted fluid in the 
ciliary epithelium; in the rabbit this fluid 
consists largely of hypertonic sodium biecar- 
bonate. It still appears necessary to postulate 
the existence of an active transport system 
for sodium, the source of energy for which 
remains unknown. Because of the greatly re- 
duced distances involved in forming a fluid 
within a crypt or minute vesicle compared 
with the distance from the capillary to the 
posterior chamber, it appears that the diffu- 
sion rate of water may no longer limit its 
osmotic transfer. If so, the need for postulat- 





Figure 14 
Comparative concentration of Cl8* in the plasma, posterior chamber and various parts of 
the vitreous humor determined experimentally. The numbers represent counts per minute. 


ing an active transport mechanism for water 
is obviated. 


Vitreous Humor 

As stated previously, the solution of the 
system of simultaneous differential equations 
describing the loss of Na and Cl to the vitre- 
ous not only permits the determination of the 
total loss of the labeled ions from the posterior 
chamber, but also provides quantitative in- 
formation concerning the rate of filling of 
each of the several compartments of the vitre- 
ous. The lower pair of curves of figure 13 
represents the filling of the posterior cham- 
ber; the lines lying above these curves show 
the filling of the first, second, seventh and 
tenth compartments, in that order. The dif- 
ferences in the rates of filling the various por- 
tions of the vitreous illustrate the effect of 
lack of mixing. 

Figure 14 shows the number of counts per 
minute in the blood, in the posterior cham- 
ber, and in various parts of the vitreous 35 
minutes after the parenteral administration of 
Cl®*, The data indicate that Cl** enters the 


vitreous more rapidly through the posterior 
chamber than through the retina. Moreover, 
the experimental data are ‘in excellent agree- 
ment with the calculated values, e.g., there are 
880 counts per minute per unit volume in the 
most anterior portion of the vitreous, or ap- 
proximately 30 per cent of that in the plasma, 
while the calculated value for compartment 1 
(fig. 13) is 35 per cent of that in the plasma 
Figure 15 is a log plot of the per cent of 
the total Na** (broken line) and Cl®® (solid 
line) expected to be lost from the posterior 
chamber to the whole of the vitreous. Both 
curves have been adjusted to start at 100 
Differences between 100 and the values show: 
indicate the percentage, at a given time, 0! 
the total amount which is expected to enter th: 
vitreous by the time steady state condition: 
prevail. The rate of loss varies, being greate! 
during the first several hours. If the vitreous 
were well mixed, the rate of loss would be 
constant throughout the whole time course. 
In the mathematical model of the vitreous 
no provision was made to take into account 
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Figure 15 
The percentage of the total amount of Na?‘ (broken line) and Cl%® (solid line) expected 
to be lost from the posterior chamber to the vitreous at various times. The dot-dash line 
shows the filling of the vitreous following parenteral administration of Na®+ as determined 
by Friedenwald and Becker.24 (Republished by permission of Documenta Ophthalmol- 
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the quantity of the labeled ions which may 
enter the vitreous from the blood through the 
retina. Maurice®® has determined the total 
turnover of Na in the vitreous humor by in- 
jecting Na** into the vitreous body of rabbits. 
He found that 60 per cent of the Na left by 
way of the posterior and anterior chambers 
and 40 per cent left by diffusion through the 
retina. Employing similar methods, Dr. Reddy 
and I have found that approximately one-half 
of the Cl®* exchanges with the blood through 
the retina. Friedenwald and Becker?! have 
measured the concentration of Na? in the 
vitreous following a single intraperitoneal in- 
jection. Their results are shown by the dot- 
dash line in figure 15. The difference between 
the dot-dash line, i.e., rate of loss to the vitre- 
mus, and the broken line presumably repre- 
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sents exchange through the retina, and corre- 
sponds to the results obtained by Maurice.”* 

Movement of ions into and out of the vitre- 
ous has been shown to occur at an appreciable 
rate; such movement not only greatly affects 
the rate of accumulation of these ions in the 
aqueous of the posterior chamber, but together 
with movement of other substances, un- 
doubtedly serves a metabolic function as well. 


Conclusion 

Ions enter the posterior chamber of the eye 
unidirectionally by bulk flow of a ‘‘secreted 
fluid’’ from the ciliary epithelium and bi- 
directionally across the epithelium by diffu- 
sion. Approximately two-thirds of the Na 
enters unidirectionally compared with less 
than one-third of the Cl. Bicarbonate also 
penetrates the posterior chamber by both 
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mechanisms, but because of the extremely 
rapid, but unknown, rates of diffusional ex- 
change of COz and subsequent hydration the 
proportion which enters by each means can- 
not readily be determined. 

There is a similar dual mode of entrance of 
ions into the anterior chamber; they enter by 
flow from the posterior chamber and by dif- 
fusion across the iris vessels. Half of the Na 
and approximately one-third of the Cl enter 
the anterior chamber by flow. No conclusions 
eould be drawn concerning the relative 
amounts of bicarbonate entering the anterior 
chamber by flow and diffusion, but the rate of 
accumulation of total COs is more rapid than 
that of Na or Cl. 

The concentration of the various ions in 
the secreted fluid differs more from the con- 
centration of these ions in the plasma than 
does that of the aqueous humor of either the 
posterior or anterior chambers. The fluid 
appears to consist, in the rabbit, chiefly of 
NaHCO; and NaCl; the concentration of 
HCOz was estimated to be almost 4 times that 
found in plasma. 

The mode of formation of the secreted fluid 
is not known, but the probable hypertonicity 
of the fluid indicates that the mechanism in- 
volves a sodium pump and probably a diffu- 
sional transport of water as a result of 
osmotic forces. 

There is a diffusional movement of ions be- 
tween the posterior chamber and the vitreous 
humor which for Na and Cl is roughly equal 
in magnitude to the diffusional movement 
which occurs between the vitreous humor and 
plasma. 
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Starling’s Law 

At any given time, there must be a balance between the hydrostatic pressure of the 
blood in the capillaries and the osmotic attraction of the blood for the surrounding fluids. 
With increased capillary pressure there must be increased transudation, until equilibrium 
is established at a somewhat higher point, when there is a more dilute fluid in the tissue- 
spaces and therefore a higher absorbing force to balance the increased capillary pressure. 
With diminished capillary pressure there will be an osmotie absorption of salt solution 
from the extravascular fluid, until this becomes richer in proteids; and the difference 
between its (proteid) osmotic pressure and that of the intravascular plasma is equal to 
the diminished capillary pressure. 

Here then we have the balance of forces necessary to explain the accurate and speedy 
regulation of the quantity of cireulating fluid—E. H. Starling. Absorption by Blood 
Vessels. J. Physiol. 19: 312, 1895. 
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Electrolyte Excretion in Bile 


By Henry O. WHEELER, M.D., Oswatpo L. Ramos, M.D., anp 
Rosert T. WuHitTiock, M.D. 


The high concentration of certain test substances in both urine and bile suggests that 
similarities exist between the biliary and renal tubular functions. Evidence from dogs 
with permanent duodenal fistulas indicates that the rate of elaboration of bile depends 
primarily on the rate of secretion of bile salts. The variations in flow and composition 
of hepatie bile seem to result from the addition of a fluid which is similar in some 


respects to pancreatic juice. 


N COMMON with other extrarenal secre- 
I tory structures, the biliary tract appar- 
ently depends upon energy-consuming cellu- 
lar processes rather than upon a hydrostatic 
filtration system for the production of its 
characteristic effluent. Nevertheless, there ap- 
pear to be certain rather fundamental similar- 
ities between biliary and renal tubular func- 
tion. These similarities become apparent when 
one considers the number of compounds which 
are secreted in high concentrations in both 
urine and bile. Examples of such compounds 
are phenolsulfonphthalein,! fluorescein,? p- 
aminohippurate,* penicillin,* and phlorhizin.* 

It is noteworthy that among the substances 
which are most actively secreted into the bile 
are included the most potent known choler- 
etics. The correlation between active secretion 
and choleretic potency may well have im- 
portant implications with regard to the gen- 
eral nature of bile formation. Outstanding 
choleretic substances are the natural bile 
salts and their synthetic derivatives, cincho- 
phen® and, to a lesser extent, the phthalein 
dyes such as Bromsulphalein, phenol red and 
bromeresol green.! All of these, it should be 
noted, are organic acids. Of these choleretic 
compounds, the natural bile salts are, of 
course, normally present in abundance and 
are therefore of the greatest physiologic in- 
terest. 

The 2 major bile acids in the dog are the di- 
and tri-hydroxy cholanic acids, deoxycholic 
and cholic acid; of the 2, the latter is the 
more abundant. These bile acids represent the 


From the Department of Medicine, College of 
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major end-product of cholesterol metab: 
lism.*:* In the dog and in other carnivor: 
they are conjugated with taurine. Because o 
the free sulfonic acid group of taurine, th 
resulting conjugates are completely dissoci 
ated and highly soluble in the physiologic pI 
range, having a pK of about 1.5. These 2 bil 
salts, which can be measured accurately by th: 
method of Mosbach et al.,8 will be referred t: 
hereafter simply as ‘‘taurocholate.’’ 

In the intact animal, the bile salts undergo 
extensive enterohepatic recirculation so that 
as shown in figure 1, approximately 85 to % 
per cent of the bile salt in the bile at any 
given time represents material previously ex 
creted and reabsorbed from the bowel.® The 
remainder represents new bile salt synthesized 
by the liver. The phenomenon of recirculation 
was described as early as 1870 by Schiff, and 
in the course of his experiments he also ob 
served that bile itself, when introduced into 
the duodenum, was the most potent available 
stimulant for increased bile production.’ It 
will be obvious, then, that interruption of this 
enterohepatic cycle must have major physio 
logic consequences which have to be consid 
ered in the planning and interpretation of any 
study in which bile is removed from the ex 
perimental subject and not replaced. 

Time does not permit a review of the many 
ingenious technics which have been developed 
for repeated collections of bile from un 
anesthetized animals. The particular device w 
have employed is a duodenal cannula develop 
ed by Thomas."! This apparatus, which is held 
in the duodenum by a hard rubber flange 
permits the creation of a permanent duodena 
fistula opening directly over the ampulla oi 
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’ ter. Between studies it is kept stoppered, 
during an experiment it is opened, and a 

ill ureteral catheter is inserted directly 

‘ough the ampulla of Vater and advanced 

il into the common duct. Except for the 

t that the animals are cholecystectomized, 

s technic leaves the biliary tract in normal 

dition between studies and free of per- 

nent foreign bodies. All of the studies 
iich will be considered in this paper were 
nducted on 4 such dogs. In each study, the 
¢ was held in the upright position by means 

a sling. Bile was collected either by gravity 

with the assistance of gentle suction pro- 
\ ded by a tuberculin syringe. 

When bile is collected continuously over a 
period of hours, there is progressive diminu- 
tion in bile flow because of the interruption of 

iterohepatiec circulation of bile salts. Figure 
» illustrates this phenomenon and also certain 
veneral features of bile composition with 
which we shall be concerned. At the top is 
shown bile flow in ml./min., in the middle is 
the pH, relative to a line drawn at 7.4, at the 
bottom is shown the electrolyte composition of 
individual bile specimens. In each block dia- 
cram the major cations, sodium and potas- 
sium, are on the left and the anions, tauro- 
cholate, bicarbonate and chloride, are on the 
right. The specimen of bile labeled Cp is 
{ypical of bile removed from the common duct 
at the moment of catheterization. We shall 
shortly examine this type of bile in more de- 
tail. It should be noted here, however, that, 
n contrast to subsequent samples of flowing 

epatic bile, the concentration of taurocholate 
n ‘feommon duct bile’’ is very high, the total 
mie concentration is high, the pH is low, 
nd there is very little bicarbonate or chloride. 
ver the course of 2 to 3 hours there is pro- 
‘ressive diminution in bile flow and also in 
aurocholate concentration. Thus, in this type 

f experiment the output of all solutes, but 
varticularly the output of bile salt, diminishes 

s expected. Not only is the electrolyte com- 
sition of bile difficult to interpret under 
hese cireumstances, but actually it is often 
liffieult even to obtain bile in sufficient quan- 

ity for analysis. It was found that this ‘‘un- 
teady’’ state can be averted by the constant 
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Figure 1 
Enterohepatic circulation of bile salts. About 85 
to 90 per cent of the bile salt excreted into the 


duodenum is reabsorbed and returned to the liver 
by way of the portal vein. 


intravenous replacement of bile salt. Before 
proceeding to the results which were obtained 
by using this technic, let us examine more 
closely the composition of ‘‘common duct 
bile.”’ 

The specimen on the left of figure 3 is typi- 
eal of many specimens of ‘‘common duct bile”’ 
obtained upon catheterization of fasting dogs. 
Presumably it represents bile which was 
formed over a period of several hours prior to 
catheterization and held in the duct system 
by the normal action of the sphincter of Oddi. 
In the center is shown the composition of 
canine gallbladder bile, and on the right, for 
contrast, that of canine plasma. There is ob- 
viously a striking similarity between ‘‘com- 
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Bile flow and composition during continuous collection. Bile withdrawn from the common 
duct immediately after catheterization (Cp) has a high concentration of taurocholate 
and low concentrations of chloride and bicarbonate. During continuous collection, with- 
out bile salt replacement, the flow of bile and the concentration of taurocholate diminish 
progressively. Composition of plasma is shown at left for comparison. 
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Figure 3 
Comparison of typical fasting canine “common duct” and gallbladder bile. Bile retained 
in the bile ducts by the sphincter of Oddi is similar to gallbladder bile in that it has a 
high concentration of taurocholate, low concentrations of chloride and bicarbonate and 
a low pH. Note that the total ionic concentration is high, although osmolality is equal 


to that of plasma (at right). (Republished by permission of the Journal of Clinical 
Investigation.7® ) 
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Figure 4 
Bile composition and flow during constant intravenous infusion of taurocholate. The rate 
of bile salt excretion is constant, but there are spontaneous variations in flow and electro- 
lyte composition. Highest flows are accompanied principally by increased pH and con- 


centration of bicarbonate. 
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Figure 5 
Effect of secretin on the flow and the composition of bile. Intravenous administration of 
secretin causes a marked choleresis and a very high pH and bicarbonate concentration. 
The excretion of bile salt is unaffected. (Republished by permission of the Journal 
of Clinical Investigation."*) 
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Figure 6 
Effect of intraduodenal infusion of hydrochloric acid. The choleresis and changes in 
electrolyte composition are similar to those produced by exogenous secretin and are 
probably attributable to release of endogenous secretin. 


mon duct bile’’ and gallbladder bile in that, 
so far as anions are concerned, each bile is 
practically a pure solution of bile salt. It 
seems quite probable that, at least in chole- 
cystectomized dogs, the common duct and its 
major branches serve in effect as a gallbladder 
in concentrating the bile salts by removal of 
other solutes and water. 

The osmolality of bile, according to all re- 
ports and under all the circumstances we shall 
discuss, is very close to that of plasma (that 
is, about 300 mOsm./Kg.). In all bile speci- 
mens, however, and particularly in those of 
the type illustrated in figure 3, the total ionic 
concentration (sum of anions plus cations) 
is much greater than 300 mEq./L. This 
marked discrepancy between ionic concentra- 
tion and osmolality can be attributed to the 
fact that taurocholate, like many other sur- 
face-active substances, forms large multipolar 
aggregates, or micelles, when its concentration 
exceeds a critical value known as the ‘‘micelle 
point.’’ The ‘‘micelle point’’ of pure tauro- 


cholate, as determined by Pethica and Schul 
man,!? is about 0.007 M, which is much lower 
than the concentration of taurocholate in bile 
Thus, the taurocholate ion itself is virtually 
inactive osmotically. Its osmotic significance 
is, in effect, attributable solely to the cation 
which must accompany it to preserve electro- 
neutrality. Consistent with this view is the 
finding that, regardless of taurocholate con- 
centration, virtually all the osmotic activity 
of any bile specimen may be accounted for as 
the sum of sodium, potassium, chloride and 
bicarbonate. 

To return to the composition of flowing 
hepatic bile, figure 4 illustrates a typical study 
in which sodium taurocholate was infused in 
travenously at a constant rate of 14.5 »M 
min. In this and similar studies, such a con 
stant infusion resulted in stabilization oi 
taurocholate excretion at a constant rate ap- 
proximately equal to the rate of infusion 
There was no progressive diminution in bile 
flow. Nevertheless, as shown in figure 4, sig- 
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n icant fluctuations in bile flow often oe- 
« vred. There was a reciprocal relationship 
tween bile flow and taurocholate concentra- 
mn, consistent with the constant output of 
is constituent. There were also characteris- 

- changes in other electrolytes. As flow in- 

eased, the chloride concentration increased 

ghtly, but there was a more striking in- 
ease in bicarbonate concentration and a cor- 
sponding rise in pH. 

When 100 units of the intestinal hormone, 

cretin, was administered intravenously (fig. 

, a marked increase in bile flow occurred, 

<ceeding the highest spontaneous flows ob- 

‘ved in the same animal. The excretion rate 

' taurocholate was unchanged, but the secre- 
in choleresis was accompanied by a very 

igh concentration of bicarbonate (reaching 

alues as great as 60 mEq./L.) and pH (to as 
high as 7.8). 

The intraduodenal infusion of hydrochloric 
acid is known to stimulate the release of en- 
dogenous secretin.!*? As shown in figure 6, this 
maneuver resulted in a change similar to that 
produced by exogenous secretin. There was 
an impressive choleresis accompanied, once 
again, by a high bicarbonate concentration 
and pH. As with exogenous secretin, these 
changes occurred in the face of a constant rate 
of taurocholate secretion. 

In each animal there was a reproducible 
relationship between bile composition and bile 
flow as shown in figure 7. Whenever bile flow 
increased, whether spontaneously or under 
the influence of secretin (on the extreme 
right), there was a marked increase in pH and 
‘oncentration of bicarbonate. The concentra- 
tion of chloride also increased, but this change 
vas small compared to the increment in bicar- 
nate. In contrast to these changes, the en- 
irely different effect of intravenous acetazole- 
imide is also shown in figure 7. This agent, in 
| dose of 60 mg./Kg., resulted in a choleresis 
vhich was characterized by a relatively high 
hloride concentration and a comparatively 
ow bicarbonate concentration and pH. 

All of the studies to which we have alluded 
vere conducted with the rate of secretion of 
aurocholate arbitrarily fixed at about 15 
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Figure 7 

Relationship between bile flow and composition 
during constant infusion of tauracholate. At higher 
rates of flow, the concentrations of bicarbonate 
and chloride and the pH were increased. The 
increment in bicarbonate was greater than that 
in chloride. Highest flows were observed after 
intravenous administration of secretin or intra- 
duodenal administration of hydrochloric acid. 
Acetazoleamide produced a choleresis in which 
chloride was the predominating anion. (Repub- 
lished by permission of the Journal of Clinical 
Investigation."® ) 
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pwM/min. It should be mentioned, however, 
that \e have observed a very similar qualita- 
tive relationship between bile composition 
and flow at a taurocholate secretion rate of 
about 40 »M/min.—although, of course, the 
absolute values of bile flow were much higher 
than those shown here. It is also worth noting 
that the arbitrary rate of taurocholate secre- 
tion employed in the present studies repre- 
sents only about one-tenth of the maximal rate 
at which the liver is apparently capable of 
secreting this bile salt. The transport maxi- 
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Figure 8 
Hypothetic fractions of bile. The concentrations and flows are based on the assumption 
that each solution is isosmotic with respect to plasma. When the output of taurocholate 
is constant, all variations in bile flow and composition can be attributed to changes in 
flow and composition of the “electrolyte fraction.” (Republished by permission of the 


Journal of Clinical Investigation.1* ) 


mum for taurocholate is well over 100 »M/ 
min. in dogs of this size. 

One way of explaining the observed varia- 
tions in bile flow and composition would be 
to postulate that bile is formed by the admix- 
ture of a number of solutions which differ 
from one another in composition and mode of 
production. With this thought in mind, we 
have arbitrarily elected to regard each bile 
specimen as a mixture of 2 hypothetic isosmot- 
ic solutions as shown in figure 8. On the left 
is a pure solution of taurocholate which—be- 
eause of the associative properties of the 
taurocholate ion—would be isosmotic at a con- 
centration of about 300 mM/L. On the right 
is a solution of chloride and _ bicarbonate 
which we shall call the ‘‘electrolyte fraction’’ ; 
the sum of these ions would be equal to about 
150 mEq./L. for an isosmotic solution. Thus, 
on the basis of the osmotic behavior of all 
these constituents, it is possible to calculate, 
for each bile specimen, the flow and composi- 


tion of these 2 hypothetic constituents. Under 
the conditions we have employed, the output 
of the ‘‘taurocholate fraction’’ is maintained 
at a constant rate. Hence, the changes in bile 
flow and composition must be attributed to 
changes in the output and composition of the 
‘“electrolyte fraction,’’ and we shall therefore 
examine these changes. 

When one examines the relationship be 
tween composition and output in the ‘‘elec- 
trolyte fraction’’ (fig. 9), it is apparent that 
increasing output is accompanied by recipro 
eal changes in chloride and bicarbonate con 
centration. At the very highest rates of flow 
—after secretin administration—the concentra- 
tion of bicarbonate achieves its highest value 
of about 75 mEq./L. and chloride concentra 
tion reaches a minimum at about the sam 
level. This figure bears a striking resemblanc« 
to illustrations of the behavior of pancreatic 
secretion!‘ although, of course, much highe! 
concentrations of bicarbonate and lower con- 
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trations of chloride have been observed in 

ecreatie juice under maximal secretin stim- 

tion. Note again the fact that acetazoleam- 

administration results in high concentra- 
is of chloride and low concentrations of 
irbonate. 

“he results of these studies are consistent 

h the view that at least 2 processes are in- 

ved in the elaboration and modification of 

». First, it is obvious that the rate of bile 

duction is profoundly affected by the rate 

secretion of a number of substances of 

\ich the bile salts are of the greatest physi- 

vic importance. In spite of the variations 
noted there is, in faet, a rough proportionality 
between total bile flow and rate of bile salt 
secretion. Also, as noted earlier, bile flow be- 
comes almost vanishingly small in the animal 
which is acutely deprived of recirculating bile 
salt unless the bile salt is replaced by another 
route. It would seem entirely reasonable to 
postulate that the primary event in bile for- 
mation is the active secretion of bile salts and, 
to a lesser extent, of certain other substances. 
The addition of water and many diffusible 
constituents could then occur passively along 
the resulting osmotic-and electrochemical gra- 
dients. This viewpoint has been enunciated in 
a recent review by Sperber’ with which our 
data are wholly in accord. 

The second process involves the modifica- 
tion of the final composition of bile by the 
addition—at an unknown site in the biliary 
tract—of a solution which is similar in many 
‘espects to pancreatic juice. This bicarbonate- 
ich fluid appears to be responsible for the 
pontaneous variations in bile flow which oc- 
‘ir in spite of the constant rate of secretion 

bile salts, and its output is maximal fol- 
|,wing stimulation by exogenous or endoge- 

Jus secretin. 

Finally, the possibility of reabsorptive mech- 

isms in the bile ducts must not be over- 

oked, although at present the only evidence 

- the existence of such mechanisms is that 

hich can be inferred from the similar com- 

sition of gallbladder bile and bile resting 
the common duct. 
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Composition of “electrolyte fraction” during 
changes in its output. A reciprocal change in 
bicarbonate and chloride, similar to that observed 
in pancreatic juice, is observed as output increases. 
After the administration of acetazoleamide, the 
concentration of chloride is high and the concen- 
tration of bicarbonate is low. (Republished by 
permission of the Journal of Clinical Investiga- 
tion.16 ) ; 
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The Origin of Life 

At first there were the simple solutions of organic substances, whose behavior was 
governed by the properties of their component atoms and the arrangement of those 
atoms in the molecular structure. But gradually as a result of growth .and increased 
complexity of the new molecules new properties have come into being and a new colloid- 
chemical order was imposed upon the more simple organic chemical relations. These 
newer properties were determined by the spatial arrangement and mutual relationship 
of the molecules. Even this configuration of organic matter was still insufficient to give 
rise to primary living things. For this, the colloidal systems in the process of their 
evolution had to acquire properties of a still higher order, which would permit the attain- 
ment of the next and more advanced phase in the organization of matter. In this process 
biological orderliness already comes into prominence. Competitive speed of growth, 
struggle for existence and, finally, natural selection determined such a form of material 
organization which is characteristic of living things of the present time.—A. I. Oparin. 
The Origin of Life. Translated with annotations by S. Morgulis. Ed. 2. New York, Dover 
Publications, 1953, pp. 250-251. 
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Discussion 


Dr. Welt: I should like to ask Dr. Farber 
. in contrast to the behavior of sodium dur- 
ig the hyponatremia of sodium depletion, 
‘dium leaves the cartilage during the hypo- 
atremia produced by a water load. 

Dr. Farber: That is a very interesting ques- 
ion to which I do not have the answer. We 

ave not, as yet, caused dilutional hyponatre- 
mia; to date, our only experiment involves 
dium depletion hyponatremia. 

Dr. Robert 8. Gordon: I would like to ask 
Dr. Farber a question: has he done experi- 
ments other than those recounted this morn- 
ing, which would prove that it is specifically 
the sodium, and not the chloride, for example, 
which is held by chondroitin sulfate? 

Dr. Farber: There is no evidence, as far as 
| know, to indicate that the activity of chlo- 
ride ion changes in solutions of chondroitin 
sulfate. We haven’t done any experiment, 
though, to test this hypothesis. 

Dr. Ullrich: I have a question for Dr. Far- 
ber. As Preto-Parvis and Forni have shown, 
in the inner medullary region, there is a great 
deal of metachromatic substance. Have you 
any suggestions about its function ? 

Dr. Farber: I wish I had the answer to that. 
It is a very interesting situation. At the 
moment, Mr. Gluck in our laboratory is trying 
(o isolate mucoprotein from various portions 
of the papilla of the rabbit, and very prelim- 
inary evidence indicates that, in the lower 
regions of the papilla, there is quite a bit of 
metachromatic material which behaves on the 
starch block like mucoprotein. Once this ma- 
erial is well-characterized we can get to the 
roblem of whether it serves any function 
here. In other sections of the kidney there 
‘eems to be very little metachromatic material. 

Dr. Mauro: Dr. Schmidt-Nielsen, have you 
‘ver measured the maximum hydrostatic pres- 

ure which is developed in the main tubules 
‘f the tear gland in the marine birds? I have 
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in mind a comparison with pressures gener- 
ated in ordinary salivary glands. 

Dr. Schmidt-Nielsen: I’m sorry, but we 
have not made this measurement in marine 
birds. 

Dr. Kinsey: I don’t know whether or not 
this is relevant, but, in the eye, it is routine 
to measure pressures. There one finds pres- 
sures to be high, even of the order of 90 mm. 
Hg. One of the problems is, how does the eye 
get such high pressures, pressures which may 
be, for example, high enough to shut off the 
circulation ? 

Dr. Mauro: May I turn to another topic? 
Dr. Wheeler, what values do you obtain for 
the tonicity of the bile fluid measured in situ? 

Dr. Wheeler: As we measure it, by freezing- 
point depression, it is approximately 300 mil- 
liosmols per kilogram. It varies over a rather 
narrow range; it is always practically indis- 
tinguishable from plasma. 

Dr. Mauro: I asked that question because 
of Dr. Opie’s work; he has found that in gen- 
eral the cells of the liver in situ have about 
twice the tonicity of plasma. So, if you take 
a piece of liver and put it into ordinary 
plasma or isotonic Ringer’s, it usually swells. 

Dr. Wheeler: Perhaps Dr. Leaf could an- 
swer this a little better than I. I believe that 
using his melting-point technic, we found that 
the liver was isotonic with respect to the 
plasma. 

Chairman Taggart: Dr. Leaf, do you wish 
to comment ? 

Dr. Leaf: Yes, we think that the liver cells, 
like every other tissue which we studied in 
the mammal, except the renal medulla, are 
isotonic to the plasma. The discrepancy be- 
tween our results and those of Dr. Opie may 
be due to the complicated nature of his ex- 
periments. 

Dr. Bartter: Dr. Schmidt-Nielsen, how low 
have you found the tonicity of the bird’s tears 
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to be? Can they actually weep hypotonic 
tears? 

Dr. Schmidt-Nielsen: I suppose that you 
really mean the secretion from what I eall 
the ‘‘salt gland.’’ Birds also have tears which 
are isotonic. The salt gland secretion is rather 
species-specific, and is always hypertonic. The 
exact tonicity varies somewhat from species 
to species and may be influenced by experi- 
mental circumstances, such as the administra- 
tion of cholinergic substances. 

Dr. Gilman: I would like to invite Dr. Leaf 
to comment on the fact that energy for trans- 
port in the jejunum, the bladder, and the frog 
skin, comes from glycolysis. To me it is rather 
fantastic that the gut uses glycolysis, rather 
than oxidative metabolism, for transport. 

Dr. Leaf: I was very interested to hear Dr. 
Gilman’s evidence that glycolysis supplies the 
energy for ion transport in the small intestine. 
As a result of our studies on active sodium 
transport by frog skin and toad bladder and 
their energy metabolism, I have, perhaps, 
looked at this matter in a slightly different 
manner. It has been known for a long time, 
of course, that the red blood cell was capable 
of active ion transport, deriving its energy 
solely from glycolysis. On the other hand, the 
evidence seems equally good, I think, that 
muscles and nerve tissues depend largely upon 
aerobic metabolism for the energy of ion 
transport. 

We were rather pleased when we found, in 
the toad bladder and frog skin, that either 
aerobic metabolism or anaerobic glycolysis 
could supply the energy for transport. Al- 
though the frog skin and toad bladder do 
transport sodium under completely anaerobic 
conditions, it is also true that the rate of so- 
dium transport is somewhat less than under 
aerobic conditions. Usually the sodium current 
is one-fifth to one-half that under aerobic con- 
ditions; but, when we calculated the approxi- 
mate number of sodium ions transported 
relative to the number of high-energy phos- 
phate bonds synthesized, the ‘‘transport effi- 
ciency’’ was about equal under aerobic or 
anaerobic conditions. It seems, therefore, that 
these tissues can maintain active sodium 
transport effectively, whether the energy re- 
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quirements for this process are derived fro 
aerobic or anaerobic metabolism. Needless 
emphasize, however, the efficiency with resp« 
to the substrate, tissue glycogen, is mu! 
higher under aerobic conditions. 

My friends chide me when I make any an: 
ogies between the toad bladder and the ren 
tubule, but I think it may be pertinent to noi», 
in view of the very low oxygen tensions whi: 
Pappenheimer and co-workers have shown 
exist in the renal medulla, that the ren 
tubule, or at least some portions of it, m: 
have to operate under very low oxygen te 
sions. It is reassuring, therefore, to know thi 
the process of transmembrane sodium rea’- 
sorption (which, I think, is the major tran:- 
port process in the renal tubule) can also Le 
maintained in the toad bladder efficiently by 
glycolytic sources of energy. 

Dr. Gilman: That is very interesting, but 
our Chairman assures me that the kidney is 
very, very undistinguished as far as glycolysis 
is concerned. Secondly, if I am not mistaken, 
the kidney performs gluconeogenesis. Thirdly, 
the beautiful work of Chinard shows that glu- 
cose just goes right across the tubular cells 
and that no glycolysis is involved in its trans- 
port. On these grounds, one might be inclined 
to dismiss glycolysis as a source of energy for 
transport in the kidney. 

Chairman Taggart: You may be putting me 
in an unfair position, Dr. Gilman. Insofar as 
certain proximal tubular functions which 
have been examined in vitro are concerned, 
added glucose does not appear to support 
transport, nor, if one measures rates of glu- 
cose disappearance, are there evidences of a 
very rapid rate of glycolysis. On the other 
hand, I could not argue against Dr. Leaf’s 
contention that there may be segments of th: 
nephron actively transporting sodium and 
that this transport may depend, to a consid 
erable extent, on glycolysis. The studies t 
which I have referred concern cortical tissue 
only. 

Dr. Ullrich: There are several types of ol 
servations which indicate that glycolysis i 
the source of energy for ion transport in th: 
inner medullary region. First, there is a hig]! 
rate of glycolysis in the inner medullary re 
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n, aerobic as well as anaerobic. Second, Dr. Wakim: I should like to ask Dr. 
re is a high content of hexokinase and al- Wheeler if he encountered any hemolysis from 

ase as well as a paucity of enzymes which the infusion of taurocholate and, if so, would 
involved in oxidative processes. Finally, that interfere with the ionic analysis? 

s same region contains a pool of glycogen Dr. Wheeler: Hemolysis was certainly one 

| of phosphorylase activity but is without of the major difficulties that we expected to 

ysphatase activity. encounter. We have found that if we infused 


Dr. Gilman: I don’t know who is going to taurocholate in dextrose, in a concentration 


the experiment first, but I dare say that we no greater than 1.5 per cent, we could infuse 
1 all want to rush back and find out what it at almost any rate without producing any 


\ibitors of glycolysis do to the osmotic ceil- physical hemolysis; so that is what we have 
: of the urine. done. 


On Scientific Discovery 

Keith Cannon, has a story which, if it isn’t true, should be. It seems that Barcroft was 
doodling with a pencil one day on a piece of log paper, happened to plot out some 
points of a CO, dissociation curve, to find that they fell precisely on a straight line. 
Entertained by this, he dashed off a letter to Henderson and told him about it. In due 
course a reply came. “Dear Barcroft,” it read, “by intellectual processes of a low order, 
you have arrived at a conclusion of some importance.”—D. W. Richards. Lawrence Joseph 
Henderson. Physiologist 1: 36 (Feb.), 1958. 
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V. EXTRARENAL REGULATION OF SALT 
AND WATER EXCHANGE 


Chairman: George Sayers, Ph.D. 


INTRODUCTION 


By GeorGce Sayers, Pu.D. 


Thus far we have been concerned with or- PREMONITORY 
gans which transfer salt and/or water between 
sites within the organism or between the ex- 
ternal environment and the organism. We now 
turn our attention to regulatory systems 
which modulate the rate or the direction of 
these transfers for the purpose of maintaining 
a relatively fixed composition and volume of 
the body fluids. The effective stimuli for the 
receptors of the regulatory systems may be 
classified into 3 general categories. Figure 1 
is a grossly simplified illustration of the reg- 
ulatory systems. Alterations in the composi- 
tion of the body fluids stimulate chemorecep- 
tors. Alterations in the volume or in the pres- 
sure of the body fluids stimulate volume or 
pressoreceptors. Finally, a third category of Figure 1 
stimuli, pain, noise, with or without accom- The regulatory systems which control the composi- 
panying emotional reactions such as fear, tion and volume of the body fluids. 
anger, may activate a variety of visceral and TT 
endocrine organs. These stimuli are designated os ‘ eens A 
premonitory since in a sense they forewarn Vion ee 
the organism of impending events. 


NERVOUS 
SYSTEM 


Afferents transmit the messages from all 3 
categories of receptors to the central nervous 
system wherein integration takes place to be : apegracn 7 
followed by the elaboration of hormones which Ph igs ( =e 
are carried in the systemic circulation to mod- 
ulate the functional activity of the kidney, 
the gut, the sweat glands and other effector \ 
organs. POSTURE 


° ° ° PRESSURE- 
Figure 2 is meant to illustrate the neuro- vous Cen 
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Figure 3 
Tie regulatory system for the secretion of aldos- 
terone. 


endocrine regulatory system which is con- 
cerned with water balance. Receptors, prob- 
ably located in the path of the internal carot- 
id artery, monitor osmolarity of the extra- 
cellular fluid and modify water excretion 
through the mediation of the antidiuretic 
hormone. Volume receptors, perhaps located 
in the atria of the heart, also modulate the 
rate of elaboration of ADH. Finally, premoni- 
tory stimuli acting upon a variety of sensory 
receptors may exert important influences upon 
water excretion by exciting release of ADH. 
Similar patterns of organization apply to al- 
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Figure 4 


The regulatory system for the secretion of cortisol. 


dosterone (fig. 3), and to cortisol (fig. 4). Of 
some interest are the striking similarities in 
general organizational pattern which exist, 
on the one hand, among these neuroendocrine- 
controlling mechanisms themselves and, on 
the other, to neurovisceral-controlling mecha- 


nisms, which modify, for example, blood pres- 
sure and respiration. 

Perhaps this introduction will give some 
perspective for this afternoon’s session during 
which we are to hear about recent advances in 
certain areas of the complex neuroendocrine 
systems which I have just outlined. 





Volume Receptors 
By Louis G. Wett, M.D. 


This paper reviews the complicated interplay which may be involved in the retention 
of water and salt by the kidney. For the sake of brevity, it does not treat either the 
mechanisms which regulate the intake of water or the disposition of fluid throughout 
the body. The neurohumoral pathways by which a change in intravascular volume can 
effect a retention of water by the kidney receives particular attention. The difficulties in 
dissociating intrarenal from extrarenal determinants of salt and water excretion are 


considered in detail. 


HIS REVIEW will deal with only 1 

aspect of the problem of why, on the one 
hand, we don’t shrivel to clay and dust, and, 
on the other, why we just don’t blow up and 
bust. It will not attempt to discuss the prob- 
lems which relate to the regulation of volume 
among the several major and minor fluid com- 
partments. Nor will it consider either the im- 
portant determinants which condition the dis- 
tribution of volume within the vascular com- 
ponent itself, or the factors which determine 
our appetites for, and the ingestion of, salt 
and water. The problem at hand concerns only 
those factors that control the fluid volume, 
and how this volume is affected by the elimina- 
tion of salt and water from the organism by 
the excretion of urine. This small, but still 
awe-inspiring, segment of the problem can be 
defined by the question: how are the kidneys 
apprised of and how do they respond to dis- 
tortions .of volume in such a fashion as to 
selectively augment or diminish the rate of 
excretion of salt and water, so as to maintain 
the volume of the body fluids within certain 
narrow limits? 


The kidney’s ultimate response must be 


either a primary change in hemodynamics or 
an altered rate of tubular reabsorption. These 
mechanisms could be local and automatic ; they 
could be influenced by neural discharges or by 
humoral agents. If there is a receptor which 
is sensitive to some function of volume such 
as stretch, pressure, or flow, we must still look 
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among these several alternatives for the eff 
ent are of a reflex. If there is a volume rece; 
tor, its presence certainly does not exclud 
other types of detectors. Lastly, if there is 
volume receptor, there certainly need not b 
only one. It would indeed be surprising if thi 
function of body fluid volume, which is s: 
crucial to the very existence of the organism 
were to be regulated by some simple sing) 
control mechanism. It is much more reason 
able to approach this problem with the per- 
spective that there are many devices through 
which an error in volume is appreciated, sev 
eral means by which the kidneys are notified, 
and a variety of mechanisms by which th 
kidneys can compensate for the error. 

The most basie of all mechanisms might 
very well reside within the kidneys themselves. 
It should not be forgotten that when the nerve 
supply of a kidney has been totally inter 
rupted,! or when the supply of salt-retaining 
adrenocortical hormone ean be neither in- 
creased nor decreased,” the kidney can, never 
theless, respond immediately and appropri- 
ately to a variety of procedures which appear 
to have, as the common denominator, a change 
in total volume or an alteration in its dis 
position. 

The regulation of the excretion of water an 
the role of antidiuretic hormone have alread) 
been described in this symposium.® With ré 
spect to the antidiuretic hormone, it is ap 
parent that the effective osmolality of th 
body fluids is the primary stimulus leading t 
the elaboration of a concentrated or a dilut 
urine.* However, osmolality is only 1 aspec' 
of the composition of body fluids. 
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A distortion of the volume of body fluids 
n also promote changes in the secretion of 
» antidiuretic hormone, but these appear to 
of secondary importance.*® Paradoxically, 
wever, the best evidence for volume recep- 
‘'s is stretch receptors that appear to in- 
ience the secretion of antidiuretic hor- 
yne.2917 These will be referred to later. 
The regulation of the excretion of salt will 
cupy our attention first, because the quan- 
y of sodium in the body appears to be the 
imary influence with respect to the volume 
fluid in the body. When salt is retained in 
cess of water, thirst is stimulated. Thirst, 
turn, promotes the ingestion of water, and 
ie secretion of antidiuretic hormone is stimu- 
ated, so that the urine which is elaborated 
is econeentrated and small in volume. The 
quantity of salt that gains access to the urine 
is presumably the difference between that 
which is filtered at the glomerulus and that 
which is reabsorbed by the tubules, assuming, 
for the sake of simplicity, that there is no 


significant net secretion of sodium. The quan- 
tity of salt which is exereted, then, might 
readily be expected te be influenced by the 
filtered load, a value which is the product of 
the concentration of sodium in the filtrate and 
the volume of the filtrate. 


There are, in fact, innumerable examples of 
a direct correlation between the change in the 
filtered load of sodium and the change in its 
rate of excretion.1® Under most circumstances, 
the per cent of the filtered load which is ex- 
creted is small and, for this reason, one might 
readily account for many changes in the rates 
f exeretion of salt on the basis of very small 
'terations in the filtered load. 
Thus, at the very start, we are faced with 
‘e problem of how we can ever exclude with 
rtainty a minor change in filtered load as 
ie determinant of most changes in the rate 
‘ exeretion of salt. This problem can some- 
mes be resolved, however, if the experimen- 
1 design includes enough data so that a 
atistical treatment may, at least, either al- 
w one to conclude that it was unlikely that 
change in filtered load was responsible, or 
‘ se foree one to conclude that the alterations 
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in excretion could have been due to concordant 
changes in filtered load. 

Even if this problem were surmounted, 
there are still other matters concerning local 
renal hemodynamics that must be considered. 
There are approximately 2,000,000 nephrons 
in the 2 human kidneys, and it has recently 
been emphasized by Bradley and Wheeler’ 


. that all of these cannot be considered to be 


identical. One cannot assume that each glo- 
merulus filters the same volume as each of 
the others. This has significance for several 
reasons. 

The reabsorptive activity of a nephron may 
be, in part, conditioned by the volume of fil- 
trate formed in that nephron. Furthermore, 
there are reasons to view the population of 
nephrons as varying, not only in certain 
anatomic characteristics which include posi- 
tion, size and length, but in functional terms 
as well. Some tubules, for example, might 
reabsorb a greater fraction of filtered sodium 
than others. Hence, it is conceivable that un- 
der different circumstances the total rate of 
filtration from all 2,000,000 glomeruli may 
remain unchanged, while the fraction of the 
total filtration in any particular group of 
nephrons may increase or decrease. In this 
fashion, a change in the rate of excretion of 
sodium may be effected without a change in 
the total filtered load. 

Still another renal hemodynamic alteration 
that might conceivably influence the excre- 
tion of sodium to some degree has recently 
been re-emphasized by Vander, Malvin, Wilde, 
and Sullivan.2° They raised the question of 
whether the reabsorption of sodium in the 
proximal tubule may be passive rather than 
active. They suggest that the colloid osmotic 
pressure of the blood in the peritubular ves- 
sels promotes a redisposition of water from 
the proximal tubular lumen into the vascular 
channels. This redisposition would tend to 
increase the luminal concentration of sodium 
and to promote its passive diffusion from the 
tubule. According to this concept, a change 
in the filtration fraction might alter sodium 
reabsorption because of changes in the colloid 
osmotic pressure of the blood in the peritu- 
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bular vessels. This theory has been criticized 
on several grounds: (1) it has been pointed 
out that it is unlikely that the colloids could 
influence the distribution of water across such 
a highly discriminating membrane as the prox- 
imal tubular epithelium; (2) it could not ac- 
count for the bulk of the proximal tubular 
sodium reabsorption; (3) there is evidence 
that sodium does move against a gradient and, 
hence, must be transported by an active 
process. 

The first criticism must be evaluated by ex- 
periment. The fact that it cannot account for 
the bulk of sodium reabsorption and the fact 
that there is undoubtedly active transport do 
not exclude the possibility that this transport 
might be facilitated in part by this mecha- 
nism. Thus, it is clear that altered rates of 
excretion of salt could be accounted for by 
small, and what are frequently referred to as 
‘“insignificant,’’ changes in filtration rate, by 
a redistribution of filtration among the neph- 
rons with no net change in the total rate of 
filtration, and, conceivably, by dispropor- 
tionate changes in renal plasma flow and filtra- 
tion rate. 

This is a most difficult area to study, but 
the imposing nature of the experimental chal- 
lenge does not reduce the significance of these 
possible physiologic regulatory devices. Fur- 
thermore, they might very well be responsive 
to direct consequences of alterations in the 
volume of the blood per se, and may represent 
rather automatic adjustments within the renal 
circulation itself. 

There are certainly many studies wherein 
it is clear that a reduction of the volume 
of the body fluids decreases, and an expansion 
of the body fluids augments, the rate of ex- 
cretion of salt. Changes in the disposition of 
volume without alteration in its total quan- 
tity also promote natriuresis and antinatriure- 
sis. The passive erect posture, sitting, cuffing 
of the extremities, obstruction of the venous 
return from either the inferior or the superior 
vena cava, and opening an arteriovenous fis- 
tula all promote a diminished excretion of 
salt. In contrast, the relief of these obstruc- 
tions and the assumption of a comfortable 
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supine position augment the elimination 
salt.5*. 21 

Let us deviate for the moment, to consi: 
which volume may be undergoing the i \ 
portant change. An increase in the total y 
ume of body water, an increase in the ext 
cellular volume as a whole, an increase 
the vascular volume, and an increase spec 
cally in the arterial volume per se all prom 
an inereased excretion of salt. 

Several recent reviewers have stated® 7 t} 
the infusion of iso-oncotie solutions of albun 
does not promote the excretion of salt. He 
ever, the data from the experiments quo‘ 
did, in fact, demonstrate*some increase in + 
excretion of salt when iso-oncotie solutions 
albumin in saline were infused.2? It was al; 
apparent that this natriuresis was no grea‘ 
than that achieved with the infusion of 4 
equal volume of saline. Since the common ¢ 
nominator of these 2 types of infusion was : 
expansion of the intravascular volume, it i 
not illogical to assert that the expansion of the 
vascular volume was at least 1 determinant of 
the increased salt excretion. 

This does not, of course, exclude the in- 
fluence of alterations in the volume of the 
interstitial space. The experiments which sug- 
gest that the volume of this latter compart- 
ment may be important are those in which 
hyperoncotie solutions of albumin were found 
to expand the vascular volume (at the expense 
of the interstitial volume) and to diminish the 
rate of salt excretion.?* 24 It may be that con- 
traction of the interstitial fluid volume was 
important, but it is also possible that an in- 
crease in the colloid osmotie pressure of the 
plasma in the peritubular vessels was the 
important alteration. 

Strauss and his co-workers” recently 1 
ported a study which emphasizes the amazinz 
sensitivity of some receptors to the infusion o° 
a salt solution. Subjects were prepared on 
salt-free regimen, so that they had eliminate’! 
a ‘‘surfeit’’ of salt, and were excreting sma’! 
quantities of it. They were then studied i 
a supine position, and at a time of day whe 
a spontaneous, diurnal increase in the ren: 
excretion of salt would not be expected. Afte 
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table control periods, the subjects were in- 
sed with a small volume (150 ml.) of a 
) millimolar solution of saline over a period 
15 minutes. There was a prompt and un- 
uivoeal increase in the rate of excretion of 
lium. The clearance of endogenous creat- 
ine was said not to have changed signifi- 
utly, and, since the infusate was hypotonic, 
could hardly have increased the concentra- 
m of sodium in the filtrate. 
Since this experimental design appeared to 
‘uniquely sensitive to alterations in volume, 
ollander*® has been utilizing this protocol 
compare the effects of the infusion of solu- 
ons which are identical in volume and com- 
sition with the exception that in half of 
ie experiments, the infusate contains albumin 
ut an iso-oncotice level. Thus far, there are 10 
<periments, in which 150 ml. has been in- 
fused over a period of 30 minutes. Half of 
these have contained albumin. There is a small 
natriuretic response to both infusions, and 
although the mean increment in salt excretion 
is greater with the infusions which contain 
albumin, the significance of this difference is 
dubious. The question of a discriminating re- 
sponse to larger volumes is under study. 
These experiments have some other inter- 
esting features. In 3 studies, it has been noted 
that the infusion of a volume as small as 25 
il. in 30 minutes, that is, less than 1 ml. per 
inuinute, will elicit a response which is identical 
to that noted after the infusion of 150 ml. It 
's difficult to imagine a central volume recep- 
‘or sensitive to such minute changes, and the 
uestion must be raised whether the stimula- 
ion of a peripheral vein or the undetected in- 
uence of some other part of the experimental 
rocedure may not be more important than 
‘1e volume expansion itself. The experiment 
tilizing a mock infusion has not yet been 
yne. 
The characteristics of the redisposition of 
lume accomplished by changes in posture, 
iffing of the limbs and obstruction of the 
‘na cava, have suggested to several authors 
iat volume receptors might exist in the upper 
alf of the body. Some attention was drawn 
» the head itself by experiments that sug- 
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gested that the application of a cuff around 
the neck might modify salt excretion.2* How- 
ever, this has not been confirmed by 
others.?®: 79 

Stretch receptors and baroreceptors have 
been known to exist in various parts of the cir- 
culatory system,®° and recently considerable 
attention has been directed to those within 
the thorax. It had been noted by Gauer, 
Henry, Sieker, and Wendt!® that negative 
pressure breathing promoted an increase in 
urine flow in dogs that began after about 10 
minutes and reached its peak in 30 to 50 min- 
utes. In contrast, Drury, Henry and Good- 
man*! had reported that positive pressure 
breathing promoted a decrease in urine flow. 
These observations have been confirmed in 
man,'! 17 and it seems reasonably clear that 
this is an effect on the excretion of water and 
that there is no primary effect on the rate of 
excretion of sodium or other solutes. The re- 
sponse can be blocked with vasopressin’: 1 
and there is no increase in urine flow while 
the subject is under a maximum water diure- 
sis and the secretion of antidiuretic hormone 
is presumably completely suppressed.’® The 
antidiuretic response to positive pressure 
breathing can be partially of completely in- 
hibited with aleohol.’® Surtshin and his col- 
laborators!? have demonstrated that the diu- 
resis which occurs during negative pressure 
breathing is not significantly affected by renal 
denervation. Thus, the efferent arm of this 
reflex seems to be a diminished supply of anti- 
diuretic hormone rather than some peripheral 
neural component. 

Henry and his co-workers'*: 1* demonstrated 
that distention of the left atrium with a bal- 
loon resulted in a pronounced diuresis, and 
that the response to negative pressure breath- 
ing was either abolished or reduced by section 
of, or the application of cold to, the vagus 
nerves. They also recorded neural discharges 
from the vagus nerve, and by relating peak 
activity to events of the cardiae cycle, were 
led to conclude that the receptors probably 
respond to stretch rather than to pressure. 

Henry and others'* seemed to have excluded 
distention of the pulmonary arterial and ve- 
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nous system, except, perhaps, for that portion 
of the pulmonary vein that lies within the 
pericardium. Love and his collaborators*” 
demonstrated that the amplitude of the pulsa- 
tion of some part of the intrathoracic vascular 
system might be the important stimulus. They 
reported that pulsatile pressure breathing 
around a mean pressure of zero, or a positive 
pressure of 20 mm. Hg, promoted an increase 
in urine flow, whereas nonpulsatile positive 
pressure breathing did not. 

In assessing the significance of this reflex, 
Henry, Gauer, and Sieker** reported that 
changes in blood volume from —30 per cent to 
+30 per cent influenced pressure concordantly 
throughout the circulatory system, and con- 
cluded that stretch receptors in the left atrium 
could therefore be influenced by changes in 
volume. However, it must be emphasized that 
this reflex only influences the excretion of 
water. Furthermore, Pearce** has reported 
that the integrity of the vagus nerve was not 
essential to the diuresis which resulted from 
iso-oncotic albumin infusion in dogs. 

More recently, Barger and his collabora- 
tors** 86 have concerned themselves with 
another area of the vascular tree which may 
be implicated as a volume receptor. They 
noted that a decrease in blood pressure in the 
carotid sinus is accompanied by a decreased 
rate of excretion of sodium. They suggest that 
the retention of sodium may be due to the 
release of norepinephrine as blood pressure in 
the carotid sinus decreases. This hypothesis 
remains to be reconciled with the observations 
of Pearce** that denervation of the carotid 
sinus does not interfere with the diuresis 
which follows the infusion of iso-oncotie solu- 
tion of albumin in the dog. 

If volume receptors are of importance in 
the regulation of salt excretion, the efferent 
are would presumably be 1 or more of the fol- 
lowing: a neural impulse, the diminished se- 
eretion of a salt-retaining hormone, or the 
secretion of some humoral agent which was 
primarily concerned with increasing the ex- 
cretion of salt, i.e., a natriuretic hormone. 

The role of the central nervous system in 
the regulation of salt excretion continues to 
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be enigmatic. There is a considerable distrib 
tion of neural elements to the kidneys, bi 
there is no convincing evidence that any < 
these fibers terminate within renal tubul: 
cells.37 The renal nerves appear to be involve 
primarily with the vascular system. On th 
other hand, there are both patients and exper 
mental animals in whom lesions of the centr: 
and peripheral nervous system may be accon 
panied by an increased excretion of salt i 
the urine. 

Schwartz and his co-workers*® have ex 
plained ‘‘salt wasting’’ in 1 group of patient 
as being due to an inappropriate secretion ¢ 
the antidiuretic hormoné, the retention » 
water, expansion of body fluid volume, and : 
consequent augmented rate of excretion 0: 
salt. These patients, and others who appea 
to represent the same renal disorder, hav: 
had central nervous system lesions. The expe 
imental denervation diuresis provoked by sec 
tion of the splanchnic nerves may be due 
solely to an influence on renal vessels and al 
tered hemodynamics.°® Jungmann and 
Meyer*® and, more recently, Wise?® have pro- 
voked an increased renal excretion of salt by 
producing lesions in the brain stem. Finally, 
some patients have been seen with coexistent 
central nervous system lesions of recent origin, 
hyponatremia and dehydration ; in this group, 
which has been designated ‘‘cerebral salt 
wasters,’’ it seems virtually impossible to im- 
plicate the administration, and the retention, 
of water.® The influence of the central nervous 
system on the kidney remains to be elucidated. 
Again, it should be stated that the denervated 
kidney can still respond in a normal fashion 
to stimuli which ordinarily promote the ex- 
cretion or retention of salt. 

The most recent phase of the development 
of this problem concerns the influence of vol- 
ume on the secretion of the hormone, aldos- 
terone. Dr. Farrell and Dr. Bartter will un- 
doubtedly concern themselves with this as- 
pect, so I shall not dwell on this problem in 
any detail. However, assuming that changes in 
volume are somehow appreeiated by a recep- 
tor mechanism and translated into an altered 
rate of secretion of aldosterone, we must still 
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se the question of the significance of this portance or the significance of mechanisms 
‘mone in the regulation of the excretion of that have an extrarenal origin. However, the 
t. certain exclusion of renal hemodynamic in- 
There is no doubt that aldosterone does fluences is not easy and must always be con- 
ve a profound influence on the renal tubular sidered. Perhaps new and better tools must 
ibsorption of salt.° However, its effects can- be applied to these problems. 
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Adrenoglomerulotropin 


By Gorpon Farreuu, M.D. 


The secretion of aldosterone by the zona glomerulosa of the adrenal cortex is controlled 
by a system which is not completely understood. Volume receptors are of importance 
although other receptors may be involved. The midbrain contains elements which influence 
the secretion of the steroid since lesions in this area of the brain stem reduce aldosterone 
output. A lipid factor, adrenoglomerulotropin, obtained from pineal extracts, selectively 
stimulates secretion of aldosterone; but a second factor, also from the pineal gland 
inhibits the output of aldosterone as well as of cortisol. It is suggested that the control 
of the secretion of aldosterone may be by an excitatory-inhibitory system involving the 
interplay of pituitary corticotropin, adrenoglomerulotropin and an anticorticotropin of 


pineal origin. 


rYN\HREE questions are frequently asked 
about aldosterone. First, where is aldos- 
terone synthesized ; second, in what way is its 
seeretion controlled; and finally, what is the 
role of the steroid in certain diseases? Con- 
siderable information has been brought to 
hear on these points during the relatively few 
years since aldosterone was discovered. Per- 
haps we ean summarize some of the more re- 
cent developments. 
With regard to the first question, almost 
everyone is agreed, now, that aldosterone is 
secreted by the outermost zone of the adrenal 
cortex, the zona glomerulosa. This zone under- 
zoes selective hypertrophy in response to dep- 
rivation of sodium at a time when the secre- 
tion of aldosterone is markedly enhanced. 
This is illustrated in figure 1, from a recent 
experiment. Figure 1A is a photomicrograph 
of the adrenal gland of a dog which was given 
iormal amounts of sodium. Figure 1B shows 
he effects of a 3-month period of deprivation 
of sodium. The rate of secretion of aldosterone 
n dogs in which the sodium intake is low 
2 mEq./day) is approximately 3 times that 
1 animals on a normal diet. It is of interest 
hat the output of cortisol is frequently lower 
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in dogs which are deprived of sodium than in 
control animals, indicating that the stimula- 
tion of the secretion of aldosterone is not 
mediated by an increased release of ACTH. 

Additional and very convincing evidence 
that the zona glomerulosa is the locus of syn- 
thesis of aldosterone has recently been pro- 
vided by the elegant experiments of Ayres, 
Gould, Simpson, and Tait, and of Stachenko 
and Giroud.? Zona glomerulosa tissue syn- 
thesizes aldosterone in vitro, whereas very 
little is elaborated by tissue from the inner 
zones. Interestingly enough, ACTH (which 
stimulates steroidogenesis when added to in- 
cubates of tissue from the zona fasciculata 
and the zona reticularis) does not appear to 
affect the zona glomerulosa in vitro.2 Taken 
together, these observations appear to settle 
the long dispute touched off by the original 
publications of Deane and Greep some years 
before aldosterone was discovered. These au- 
thors postulated that the zona glomerulosa 
secretes an electrolyte-active steroid independ- 
ently of the rest of the adrenal gland,*: * and 
their speculations have apparently been 
proven correct. 

The second question, with regard to the 
modus operandi of the system for the control 
of the secretion of aldosterone, is not so 
readily answered. The stimuli which alter al- 
dosterone output are many.® However, altera- 
tions in the balance of sodium and in the vol- 
ume of body fluids stand out as especially 
important. The restriction of sodium is a 
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Adrenal gland of the dog. A. Control. From above downward are zona glomerulosa, zona 
fasciculata and zona reticularis. B. Adrenal gland of a dog on a low-sodium diet for 3 
months. Note the hypertrophy of the zona glomerulosa. 


constant and potent stimulator of the secre- 
tion of aldosterone in all species which have 
been studied, although the manner in which 
the organism detects the depletion or reple- 
tion of sodium is still unknown. Sodium-sensi- 
tive chemoreceptors somewhere within the vas- 
cular system are a possibility, but thus far 
none have been described. The subject of vol- 
ume receptors for the control of the secretion 
of aldosterone has received considerably more 
study. The location of the receptors is still 
in question; the atria may very well contain 
them as well as the carotid arteries.*.7 This 
subject will be considered by subsequent speak- 
ers in this symposium. 

Whatever the nature of the receptor sys- 
tems may be, it seems clear that an effector 
system must exist by which the zona glomer- 
ulosa is stimulated to increase the secretion 
of aldosterone in response to changes in the 
internal environment. It is this effector sys- 


tem which I should like to consider briefly 
now. The participation of nerve fibers can 
probably be discounted since denervation of 
the adrenal glands has no effect on the output 
of aldosterone.’ Direct action on the gland 
by electrolytes of the blood has been suggested 
by some authors as a possible stimulus,’ but 
the modest effects on steroidogenesis induced 
by alterations in the sodium and potassium 
content of the adrenal perfusate are probably 
too small to account for the changes in aldos- 
terone output observed under various experi- 
mental conditions. Furthermore, in many in- 
stances, profound changes in the rate of secre- 
tion of the steroid occur without any change 
in the concentrations of electrolytes in the 
blood.5 

The possibility that the zona glomerulosa 
is subject to the influence of a tropic factor 
which is specific for this zone was entertained 
in our laboratory a few years ago, and indirect 
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Table 1 


Steroidogenic Properties of Extracts of Beef Diencephalon or Pineal 


No. of 
Experiment 


experiments 





Intact controls 9 


Aldosterone 
ug./100 Kg. 
body wt. /hr. 


31.2 +3.7 


Cortisol 
ug./Kg. body 
wt./hr. 


32.8 +3.9* 


Decerebrate controlst 

Decerebrate controls 

Decerebrate, infused with saline 
extracts of whole diencephalon, 
including pineal 

Decerebrate, infused with saline 
extracts of pineal alone 

Decerebrate, infused with acetone 
extracts of pineal 

Decerebrate, infused with hexane 
fraction from water-hexane parti- 
tioning of residue from 
acetone extracts 

Decerebrate, infused with aqueous 
fraction from water-hexane 
partitioning 


*Mean and standard error. 
+Animals used 4 to 6 hours postdecerebration. 
{Statistically significant (P « .01) when compared with the corresponding controls. 


-vidence for such a factor was obtained.!° The 
coneept has since received support from other 
laboratories.'' Although the existence of this 
hormone was originally proposed on the basis 
of admittedly indirect evidence, we feel that 
presently available data definitely establish 
that the hormone exists, and that it can be 
obtained from extracts of the diencephalon. 
This hormone was first demonstrated in the 
course of assays of neutral saline extracts of 
various areas of beef diencephalon.!? The as- 
say animal was the midcollicular, decerebrate 
dog in which the brain above the level of the 
cut was removed together with the pituitary 
and pineal glands. The concentrations of 
steroids were determined by analysis of 
adrenal venous blood which was collected dur- 
ing the infusion of test solutions. Extracts of 
whole diencephalon stimulated the secretion 
of aldosterone (table 1). When the diencepha- 
lon was divided into anterior and posterior 
parts, activity was found primarily in the 
posterior portion when this structure included 
the pineal gland. When the pineal gland was 
removed and-assayed separately, most of the 
activity was found to be present in the pineal 
gland (table 1). An acetone extract of pineal 
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8 
6 


7.86+0.87 
8.5 +£0.95 


2.19+0.49 
1.72+0.38 


24.214+3.2} 1.930.55 


30.3 +2.9f 2.17+0.51 


25.0 +4.15f 3.98+1.03 


34.6 +4.2¢ 3.69+0.66 


10.92+3.2 9.93+3.0 


glands also yielded activity.1* To our surprise, 
when the residue from the acetone extract of 
pineal glands was partitioned between hexane 
and water, the activity was recovered from 
the hexane fraction indicating a definite de- 
gree of lipid solubility (table.1). We originally 
proposed the name glomerulotropin for this 
hormone, but reservations of renal physiolo- 
gists who feel that the name implies an effect 
on the glomerulus of the kidney lead us to 
suggest that it be called adrenoglomerulo- 
tropin. 

We have recently carried out a number of 
procedures designed to purify adrenoglomeru- 
lotropin. Chromatography of the residue from 
acetone or alcohol extracts of pineal gland on 
a florosil column, using hexane as the mobile 
phase, results in a many-fold purification. The 
active fractions from florosil columns have 
been subjected to paper chromatography. In 
the system propylene glycol—hexane, the ac- 
tivity runs with or just behind the solvent 
front, indicating a polarity much less than that 
of any of the corticosteroids. In the system 
water-chloroform-ethanol (3:5:5) on silicone- 
treated paper, in which the developing phase 
is aqueous ethanol, the active material runs 
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Table 2 


A Factor from Pineal Extracts Which Inhibits Steroid Secretion 


Experiment 


No. of ug./100 Ke. 
experiments 


Cortisol 
ug./Kg. body 
body wt. /hr. wt./hr. 


Aldosterone 





Intact animals, infused with vehicle 
(saline) or extract of cerebral cortex 


Intact animals, infused with 
fraction I from pineal 


Decerebrate animals, infused with 
vehicle} 


Decerebrate, infused with 
fraction I from pineal 


Decerebrate, infused with 
adrenoglomerulotropin fraction 
from pineal 


36.0 +3.2* 35.9 +3.3 


15.8 +1.5 
(P < .001) 


24.6 +2.7 


(P < .05) 


15.1 +1.5 


6.8 +0.4 
(P < .001) 


29.3 +3.0 





*Mean and standard error. 


yAnimals used for assay 3 hours after decerebration. The rate of secretion of aldosterone 
was thus somewhat higher than in dogs permitted to rest for longer periods postoperatively, 


ef., table 1, experimental groups 2, 3. 


with an R. F.* of about 0.9, suggesting the 
presence of 1 or more groups contributing 
some degree of water solubility. The active 
fractions from paper chromatograms contain 
very small amounts of solid material. Al- 
though precise quantitation is not possible, 
we can say that an effective dose infused into 
an assay dog over a 2-hour period is certainly 
less than 100 »g. Thus far we have not suc- 
ceeded in isolating sufficient quantities of the 
material to permit chemical characterization. 
The substance does not appear to have a 
specific ultraviolet absorption curve, at least 
not in the amounts isolated. A weak reaction 
for phenols is given in the active region of 
the chromatograms; however, we have no as- 
surance that this reaction is not due to a con- 
taminant. Further characterization obviously 
must await the preparation of larger amounts 
of the hormone. 

In the course of our efforts to purify adren- 
oglomerulotropin, we had noted that the po- 
tency appeared to increase as fractions con- 
taining adrenoglomerulotropin were purified 
on column or paper chromatograms. We won- 
dered whether the crude extracts contained an 


*R.F.=the rate of movement of the band of the 
substance under scrutiny divided by the rate of 
movement of the advancing front of the liquid phase. 


inhibitor which was later separated from 
adrenoglomerulotropin. In screening some of 
our recent chromatograms with bio-assay, we 
found that eluates of 1 region of the chromato- 
grams (fraction I, table 2), when infused into 
the decerebrate assay dog, did indeed reduce 
the secretion of the steroid below the basal 
level. This eluate has also been assayed for 
inhibitory activity in intact dogs. Solutions 
of the suspected fraction were administered 
intravenously 1 hour prior to cannulation of 
the adrenal vein and during a 2-hour period 
of collection of adrenal venous blood. There 
appears to be no question that the material 
actively inhibits steroidogenesis (table 2). It 
is readily separated from adrenoglomerulo- 
tropin on chromatograms since it has an R. F. 
of about 0.3 in the system water-chloroform- 
ethanol (3:5:5) on silicone-treated paper. 
The inhibitor appears to be of pineal origin 
since extracts of equal amounts of cerebral 
cortex do not inhibit steroidogenesis. Its chem- 
ical nature is also unknown except for the 
fact that it appears to be a lipid. Curiously 
enough, although it inhibits the secretion of 
cortisol (table 2), the reduction in the secre- 
tion of aldosterone is even more striking. Al- 
though interpretation of these results must 
be tempered with caution, one is tempted to 
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Table 3 
Steroid Secretion Rates in Pinealectomized Dogs 


Experiment 


Intact animals 


4 hours postoperative 
sham 


pinealectomy 


1 week postoperative 
sham 
pinealectomy 
3 weeks postoperative 
sham 
pinealectomy 
16 weeks postoperative (last 


12 weeks on low-sodium diet) 
sham 


pinealectomy 


*Mean and standard error. 


speculate that the inhibitor is a normal secre- 
tory product of the pineal gland and that it 
participates in the regulation of steroidogene- 
sis. The material (which may be thought of 
as an anticorticotropin) may compete with 
pituitary corticotropin and with adrenoglo- 
merulotropin to restrain adrenal activity. The 
quantitative relationship between the 3 factors 
in any given situation may determine the 
final rate of steroid secretion. I should like to 
emphasize that this is, at best, a working hy- 
pothesis and only with time and additional 
study will it be possible to evaluate the rela- 
tive biologic importance of these materials in 
the regulation of the secretion of aldosterone 
and cortisol. 

The isolation from the epiphysis cerebri of 
factors which play a part in the control of 
he seeretion of steroids naturally raises the 
juestion of the consequences of pinealectomy. 
since adrenoglomerulotropin is found in 
‘ineal extracts, one might imagine that re- 
uoval of the gland would result in cessation 
if the seeretion of aldosterone. This is not 
‘he case. It is true that in the first few hours 
‘ollowing pinealectomy, a decrease in the se- 
‘retion of aldosterone was observed (table 3) .14 
llowever, 1 week postoperatively, the secre- 
tion rate of the steroid was found to be at 
control levels; moreover, even though the rate 
of seeretion was slightly lower 3 weeks post- 
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No. of ug./100 Kg. 
animals 


3 


Aldosterone Cortisol 


ug./Kg. body 
body wt./hr. wt./hr. 


9 31.2 +3.7* 32.8 


36.5 s 34.9 
14.3 42 31.2 


34.6 2 39.3 
36.8 of 54.4 


= 


37.9 6 38.9 + 
24.1 : 39.4 + 


88, 13.3, 
30.8, 


operatively than it was 1 week after operation, 
it is apparent that the pinealectomized dog is 
quite capable of synthesizing aldosterone. Pine- 
alectomized dogs also respond, in a perfectly 
normal fashion, to deprivation of sodium, 
showing hypertrophy of the zona glomerulosa 
and a markedly increased output of aldoster- 
one. Indeed, in 2 pinealectomized dogs re- 
cently studied on a low-sodium regimen for a 
period of 3 months, the rate of secretion of 
aldosterone (as well as of cértisol) was found 
to be nearly twice that in sham-operated dogs 
on the same diet (table 3). It would appear, at 
least in this experimental situation, that the 
long-term consequences of pinealectomy are 
those which might be anticipated from re- 
moval of inhibitory, rather than stimulatory, 
influences. 

Some of the confusion which seems to con- 
front the investigator at this stage of the 
problem may be related to our tendency to 
oversimplify. It is quite possible that we are 
dealing not with a single gland but with 2 
glands. Another glandular structure in this 
area of the brain is the subcommissural or- 
gan, a structure which, though known for 
many years, has only recently attracted the 
attention of physiologists. Information on the 
functions of the subeommissural organ is still 
very limited. However, there is evidence that 
it is important in the control of water bal- 
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ance. Taylor, in our laboratory, has been 
able to relate the subeommissural gland, or 
the area around it, to the control of the secre- 
tion of aldosterone. Taylor placed high fre- 
quency coagulation lesions in various areas 
of the brain stem in cats and determined, by 
analyses of adrenal venous blood, the rates 
of secretion of aldosterone. She found that 
lesions involving the central gray substance 
of the midbrain, at the level where the cere- 
bral aqueduct opens anteriorly into the third 
ventricle, reduce the output of aldosterone. 
Effective lesions need not involve the pineal 
gland, but the subeommissural organ was dis- 
rupted in most of the experiments in which 
a decreased output of aldosterone was found, 
suggesting that this structure might be the 
source of stimulatory influences. On the other 
hand, it is possible that the effective lesions 
interrupt nerve pathways destined for other 
areas of the brain which are concerned with 
steroid regulation. It is anticipated that 
studies currently under way will permit a 


decision on this point. 


I think it should be clear from the data 
which we have presented that there are many 
more questions about the regulation of the 
secretion of aldosterone than there are an- 
swers. One topic, mentioned at the beginning, 
remains for discussion: the possible role of 
abnormalities in the secretion of aldosterone 
in various diseases. Increased output of aldos- 
terone has been implicated in a number of 
diseases, including cardiac failure, nephrosis, 
cirrhosis, and possibly essential hypertension. 
In only 1 syndrome, however, has a clear-cut 
relationship been established between the se- 
cretion of the steroid and the development of 
a clinical disorder. This is, of course, in the 
Conn syndrome, in which an abnormally high 
rate of secretion of aldosterone by an adrenal 
adenoma or by a hyperplastic adrenal gland is 
clearly the cause for the hypertension, the 
abnormal concentrations of electrolytes in the 
blood, and the renal pathology. Whether hy- 
persecretion of the steroid complicates or 
plays an etiologic role in other diseases must, 
at this time, be considered an open question. 
An important recent discovery made in the 
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laboratory of Sayers should probably be men. 
tioned at this time. Sayers and his collabora 
tors, using the isolated heart-lung preparation 
of the rat, have been able to show that aldos 
terone has a direct digitalis-like action on th 
myocardium.'*? This is shown especially wel! 
in increased work capacity of the heart-lung 
preparation from adrenalectomized animals 
This observation raises the question of 
whether aldosterone may serve to support 
myocardial function in stressful situations. It 
this proves to be the case, the increased secre 
tion of aldosterone in certain diseases may 
represent one of the means by which the or- 
ganism attempts to compefisate for the cardio- 
vascular consequences of the disease. 
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Fragments of Life 

About the middle of the last century the younger physiologists broke away from the 
vitalistie traditions which had been handed down to them, and set about to investigate 
living organisms piece by piece, precisely as they would investigate the working of a 
complex mechanism. This method seemed to them to promise success, and was popularized 
by such masters of clear and forceful expression as Huxley. It is still the orthodox 
method of physiology, but the old confidence in it has steadily diminished in proportion 
as exact experimental investigation has shown that the various activities of a living 
organism cannot be interpreted in isolation from one another, since organic regulation 
dominates them.—J. S. Haldane. Respiration. New Haven, Yale University Press, 1922, 
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On the Hemodynamic Regulation of 
the Secretion of Aldosterone 


By Freperic C. Bartrrer, M.D., anp Donautp 8S. Gann, M.D. 


Evidence is presented that the secretion of aldosterone in dogs may be considerably influ- 
enced by hemodynamic factors. The experiments indicate that secretion of aldosterone 
may be decreased by expanding the “low pressure” system, and may be increased by 
reducing the amplitude of the pulse pressure in the carotid arteries. The decrease may 
be prevented by prior section of the vagi, the increase by prior denervation of the 


thyro-carotid arterial junctions. 


REVIOUS experiments have pointed to 
some function of blood volume as a major 
factor in the control of the secretion of al- 
dosterone.! In the present studies, we have 
proceeded on the assumption that the secre- 
tion of aldosterone involves a neurohumoral 
final common pathway, with a mechanism 
within the central nervous system which inte- 
grates signals generated by hemodynamic 
stimuli. The experiments described here are 
attempts to delineate the afferent pathways 
of these stimuli and the essential nature of 
the hemodynamic stimuli themselves. Some 
of the work discussed here has been presented 
elsewhere.?-> 
The experiments were performed on healthy 
mongrel dogs which had been anesthetized with 
sodium pentobarbital. Adrenal venous blood 
was collected intermittently by the method of 
Hume and Nelson. The secretion rate of 
aldosterone was determined either by Mills’ 
modification? of the method of Neher and 
Wettstein’ or by the method of Kliman and 
Peterson. Constriction of the thoracic in- 
ferior vena cava (caval constriction) was ef- 
fected through a closed chest by means of an 
inflatable cuff passed about the vessel and led 
out through the thoracic incision. Bilateral 
constriction of the common carotid arteries 
was effected by means of silk strings passed 
about the carotid arteries and led through 
double-lumen plastic cannulas, held rigid to 
prevent pull on the arteries. Pressures were 
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Effect on secretion of aldosterone of: (a) constric- 
tion and release of inferior vena cava; (b) the 
same after vagotomy; and (c) vagotomy alone. 
(Republished by permission of Science.* ) 


measured in the brachial and lingual arteries, 
right atrium, femoral vein and esophagus by 
means of Statham pressure transducers and 
recorded continuously on a Sanborn 8-channel 
recorder. All acute experiments were de- 
signed so that a control collection of adrenal 
blood for measuring the concentration of 
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Experiments on 2 dogs showing reversal of the effect of caval constriction on secretion of 
aldosterone by rapid infusion of blood above the constriction. 


aldosterone was obtained before application It has been suggested by Davis and co- 
of the specific stimulus. Blood lost, or with- workers? that caval constriction stimulates an 
drawn for assay, was replaced by homologous increase in the secretion of aldosterone in some 
transfusion. way other than by modifying a function of 

Constriction of the supradiaphragmatie in- the blood volume. In their experiments, the 
ferior vena cava traps blood ‘‘below’’ the increase in the secretion of aldosterone, which 
constriction, with a resultant depletion of ordinarily follows caval constriction, could 
blood ‘‘above’’ the constriction. Such a con- not be prevented by infusion of a quantity of 
striction is consistently effective in increasing dextran which was calculated to compensate 
the secretion of aldosterone; this effect can for the blood sequestered or lost by applica- 
be measured, reproducibly, within 1 hour of tion of the constriction. However, the extent 
the application of the constriction. Upon re- of hemodynamic changes evidently depends on 
lease of the constriction, there is, also repro- the degree of the constriction, and the sus- 
duecibly, a fall in the secretion of aldosterone ceptibility of these changes to reversal by in- 
which occurs within an hour and a half.? The fusion depends upon the rate of infusion as 
constriction can then be reapplied and, within well as upon its volume. Figure 2 shows 2 
an hour, there is again an increase in the se- experiments in which an increase in the secre- 
cretion of aldosterone. An experiment of this tion of aldosterone was first produced by caval 
type is illustrated in figure 1a. constriction, and the effect then nullified while 
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Figure 3 


Effect of carotid constriction on brachial arterial 
pressure (B.A.P.) and secretion of aldosterone in 
dogs. Top left. Normal. Bottom left. Carotid sinus 
denervation (CSN cut). Top right. Thyro-carotid 
arterial junction denervation (“T”). Bottom right. 
Carotid sinus and thyro-carotid arterial junction 
denervation (carotid strip). 


the constriction was maintained, by rapid in- 
fusion of blood above the constriction. This 
evidence suggests that caval constriction is, 
in fact, a hemodynamic stimulus. 

Bilateral section of the vagus nerves in the 
neck does not prevent the rise in the secretion 
of aldosterone which follows caval constric- 
tion, but it does prevent the fall which follows 
release of the constriction.2, An experiment of 
this type is shown in figure 1b. As shown in 
figure 1c,? vagotomy per se has no effect upon 
the secretion of aldosterone. Both the increase 
in the secretion of aldosterone which follows 
caval constriction despite vagotomy, and the 
absence of the fall in the secretion of aldos- 
terone in the vagotomized animal after the 
constriction is released are reproducible phe- 
nomena. This evidence is consistent with the 
hypothesis that impulses leading to decreases 


BARTTER, GANN 


in the secretion of aldosterone may arise i: 
the atria or great vessels and be conveyed 
to the central nervous system via the vagus 
nerves. It also suggests that stimuli leading 
to increases in the secretion of aldosteron: 
are mediated by some other pathway. 

Bilateral constriction of the common carotid 
arteries low in the neck (carotid constriction) 
produces an increase in the rate of secretior 
of aldosterone. In the intact animal, it als: 
gives rise to an increase in systemic (extra 
carotid) arterial blood pressure. Prior strip 
ping of the carotid arteries of their nervé 
supply—from above the carotid sinuses to low 
in the neck—abolished the increased secretion 
of aldosterone and the increase in blood pres- 
sure which otherwise follow carotid constric- 
tion. 

It is possible to dissociate the effects of con- 
striction of the common carotid artery on the 
secretion of aldosterone from the effects on 
the blood pressure. Some animals were sub- 
jected to a careful denervation of the carotid 
sinuses alone. In these animals carotid con- 
striction produced normal increases in the 
secretion of aldosterone even though the usual 
pressor responses were absent. In another 
group of dogs, the thyro-carotid arterial junc- 
tions were denervated without denervation of 
the carotid sinuses or of the remainder of the 
carotid arteries; the region of the thyro- 
earotid arterial junctions has been shown to 
be a baroceptor area in both the dog® and the 
eat.!° In these dogs, carotid constriction pro- 
duced no increases in the secretion of aldos- 
terone despite intact pressor responses.? The 
effects of carotid constriction on the peripheral 
arterial pressure and on the secretion of al- 
dosterone are shown schematically in figure 3. 
Statistical evaluation of the data derived from 
these experiments reveals no significant dif- 
ference between normal and sinus-denervated 
animals with respect to increases in the se- 
cretion of aldosterone following carotid con- 
striction. However, the responses of the group 
with denervated thyro-carotid arterial junc- 
tions were significantly different (p < .001) 
from those of the normal group. Denervation 
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Figure 4 


Effects of caval constriction, of denervation of the thyro-carotid arterial junctions (“T”’) 
and of administration of desoxycorticosterone (DOC) on urinary sodium and body weight 
in a dog receiving a daily sodium intake of 50 mEq. 


of this region in another group of dogs was 
also shown to prevent the acute increase in 
the seeretion of aldosterone which ordinarily 
follows eaval constriction. Again, the results 
were highly significant statistically. These 
data suggest that the increases in aldosterone 
secretion following caval or carotid constric- 
tion depend on the integrity of the nerves 
arising at the thyro-carotid arterial junction. 

Chronie constriction of the supradiaphrag- 
matie inferior vena cava commonly produces 
1 form of secondary aldosteronism charac- 
terized by retention of sodium, ascites and, 
it times, edema.!! The retention of fluid in 
this condition is an exceedingly complex phe- 
nomenon, and it seems clear that aldosterone 
plays only a part in its development or main- 
tenance. An experiment on an animal prepared 
in this way ‘is shown in figure 4. Following 
caval constriction, there was retention of so- 
lium with gain in weight and the develop- 
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Effects of caval constriction and of denervation of 
the thyro-carotid arterial junctions (“T’’) on secre- 
tion of aldosterone in a dog with chronic adrenal 
cannula receiving a daily sodium intake of 60 mEq. 


ment of ascites on an intake of approximately 
50 mEq. per day of sodium. This animal was 
then subjected to bilateral denervation of the 
thyro-carotid arterial junctions. This opera- 
tion was followed by natriuresis, a loss of 
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Figure 6 
Effects of caval constriction, of denervation of the thyro-carotid arterial junctions (“'T’’) 
and of increase of sodium intake on urinary sodium and body weight. 


ascites and a reduction in weight. That this 
response was not due to development of col- 
lateral circulation is shown by the response 
to desoxycorticosterone, which produced re- 
tention of sodium and gain in weight. Figure 
5 shows a series of values for the secretion of 
aldosterone in a dog with a chronic adrenal 
cannula. The animal was first subjected to 
caval constriction and, later, to denervation 
of the thyro-carotid arterial junctions. Caval 
constriction produced an increased secretion 
of aldosterone which was reversed after the 
denervation. 

Because ascites per se may reduce the abili- 
ty to retain further amounts of sodium,!” 
still another preparation was utilized. Dogs 
with ascites following caval constriction, re- 
ceiving a constant sodium intake of 60 mEq. 


per day, were subjected to paracentesis. After 
the abdominal fluid had reaccumulated, they 
were subjected to bilateral denervation of the 
thyro-carotid arterial junctions. In order to 
provide a maximal stimulus to sodium reten- 
tion, a paracentesis was again done. One such 
experiment is shown in figure 6. It is seen 
that following the denervation, the ability of 
the animal to retain sodium on a daily intake 
of 60 mEq. was impaired. However, an in- 
crease in the intake of sodium to more than 
200 mEq. per day resulted in retention of 
sodium and gain in weight, indicating that 
caval constriction was still present. The fact 
that this last phenomenon can be demon- 
strated in bilaterally adrenalectomized ani- 
mals is further evidence that the retention 
of sodium in the caval-constricted dog is not 
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Figure 7 
Schematic representation of the effects of constriction of the inferior vena cava (IVC), 
of constriction of the common carotid arteries (CCA) and of blood loss on secretion of 


aldosterone and certain hemodynamic variables. 


entirely dependent on the increased secretion 
of aldosterone. 

Hemodynamic data derived from acute ex- 
periments with caval and carotid constriction 
have been compared with.data from animals 
which were subjected to blood loss,* a stimulus 
which is known to inerease the secretion of 
aldosterone.’ 14 Such data are summarized 
diagrammatically in figure 7. Of the changes 
measured, only diminished intracarotid pulse 
pressure was consistently associated with the 
increase in the secretion of aldosterone. Be- 
cause of the reflex increase in mean systemic 
blood pressure as the carotid pulse pressure 
decreased,'® it was possible to maintain, or 
even to increase, intracarotid mean pressure 
during carotid constriction by using a small 
amount of constriction. 

It is not yet possible to assess the role of 
pulse pressure in the aldosteronism of cardiac 
failure in man: we are engaged in such studies 
at the present time. The published literature 
on man does contain data consistent with the 
schema suggested by the results in the dog. 
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Eichna and associates, for example, induced 
loss of sodium and of weight in patients with 
‘‘low-output’’ cardiac failure by rapid digi- 
talization.1* In each patient, arterial pulse 
pressure rose promptly with digitalization. 
In patients with ‘‘high-output’’ failure, the 
situation is more complex. If hypersecretion 
of aldosterone is an important element in the 
disease picture, it is clear that a low absolute 
value of pulse pressure cannot be a pre- 
requisite, since elevated pulse pressure and 
edema may certainly coexist in beriberi heart 
disease. However, one of the earliest responses 
of patients with beriberi heart disease to thi- 
amine is an increase of pulse pressure which 
precedes the loss of sodium and of weight.1* 18 
Thus, a relative decrease of pulse pressure 
may be related even to the aldosteronism of 
high-output failure. 

In summary, figure 8 presents schematically 
a working hypothesis concerning the hemo- 
dynamic control of the secretion of aldos- 
terone. A dual mechanism is illustrated. Se- 
eretion of aldosterone may be inhibited by 
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Figure 8 
Schematic representation of a proposed dual mechanism mediating decreases (e.g., by 
release of caval constriction) or increases (e.g., by caval or carotid constriction) in secre- 
tion of aldosterone. Aur. = right atrium and great vessels; CNS = central nervous system ; 


ADR = adrenal gland; Aldo = aldosterone. 


expansion of the ‘‘low pressure’’ system; the 
afferent impulses traverse vagal pathways. 
Secretion of neurohormone may be increased 
by constriction of (that is, decrease of pulse 
pressure in) the common carotid artery; the 
afferent impulses arise from baroreceptors in 
the region of the thyro-carotid arterial junc- 
tions.® 
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The Laws of Nature 
It is one thing for the human mind to extract from the phenomena of nature the laws 
which it has itself put into them; it may be a far harder thing to extract laws over which 
it has no control. It is even possible that laws which have not their origin in the mind 
may be irrational, and we can never succeed in formulating them.—A. Eddington. The 
Philosophy of Physical Science. Ann Arbor, University of Michigan Press, 1948, p. 179. 
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Discussion 


Dr. Hilton: Dr. Farrell, I was interested in 
the fact that some of the commercial pineal 
extracts have ACTH, as well as aldotropic, 
activity. You will pardon me if I use the word 
‘‘aldotropic.’’ As a former renal physiologist, 
I can’t quite see ‘‘glomerulotropic.’’ 

Both of these extracts had ACTH, as well 
as aldotropic, activity. If I am correct, the 
acetone-soluble extract lost its ACTH activity 
while retaining its aldotropic activity. Have 
you treated extracts of the anterior pituitary 
similarly to see if, as indicated by some of 
our experiments, there is aldotropic activity ? 
By treatment of the anterior hypophysis in a 
similar manner can one associate the 2 activi- 
ties? 

Dr. Farrell: 1 should like, first, to speak to 
the question of the name. The name, glomer- 
ulotropic, comes from the gentleman on my 
left, Dr. Sayers. 

Chairman Sayers: Let me answer that. I 
will be very brief. The ‘‘tropin’’ can’t stimu- 
late the steroid. We assume that it stimulates 
the tissue, namely, the glomerulus. Hence, the 
name, glomerulotropic. In all deference to the 
renal physiologists here, why, we will cer- 
tainly accept the name adrenoglomerulotropic. 
(Laughter) 

Dr. Farrell: Do you accept it? 

Dr. Hilton: For the moment. 

Dr. Farrell: With regard to the presence of 
ACTH in commercial pineal extracts, I think 
that some of the difficulty may arise from 
incomplete separation of the pineal from the 
pituitary gland in the slaughterhouse. In 1 
shipment of frozen beef pineals from a pack- 
ing company, there was a fair sprinkling of 
pituitaries; in this ease, we achieved a purifi- 
eation by picking out the pituitaries. This in- 
cident relieved our minds about why there was 
ACTH in these commercial preparations. 

With regard to the presence of a factor in 
pituitary tissue which stimulates aldosterone 
secretion, I think that there is good reason 


to believe that such a factor exists. Indec |, 
we reported, I think it was 2 years ago, th t 
alpha corticotropin, which can be obtain 
from the pituitary tissue, appears to be a mo 
active stimulator of aldosterone secretion th: 
is beta corticotropin. There is reason to | - 
lieve, therefore, that the adenohypophysis do. s 
contain material which stimulates the seer - 
tion of aldosterone. 

It is conceivable that~in the absence of 01 e 
gland the other gland may assume greater ir - 
portance. I think that the pineal cannot be tle 
only source of material which stimulates the 
secretion of aldosterone since the pineale:- 
tomized animal certainly does put out aldos- 
terone; under certain conditions it may put 
out more aldosterone than does the intact 
animal. So, the stimulus must come from 
somewhere else. I think there is a possibility 
of a general adrenocortical inhibitor arising 
from the pineal. 

Dr. Farber: I would like to ask Dr. Bartter 
a question and perhaps make a comment about 
our data, which he so nicely put on a slide 
for us. How long is the half-life of activity of 
aldosterone? I ask this question because the 
data which Eichna and the rest of us collected 
on these patients with congestive heart failure 
indicate that the diuresis came very soon after 
the change in blood pressure which you de- 
scribed; this diuresis was associated, of 
course, with the pharmacologic action of the 
digoxin. 

Dr. Bartter: I am glad you asked that b: 
cause I would hate to leave the impression that 
I had suggested that the only factor contro! 
ling sodium retention is aldosterone. As far 
as the half-life of aldosterone is concerned, i 
you administer moderate amounts (1 to 16 mi 
crograms) of aldosterone intravenously to a 
adrenalectomized dog, the effect will be pres 
ent after an hour and it will be gone in 
hours. 

I am sure that the early sodium diuresi 
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iich you observed is not a result of the in- 
| bition of aldosterone secretion. I am also 

re that the sodium retention in cardiac fail- 
1 ve is not exclusively, and in some cases per- 

ps not at all, the result of hypersecretion of 
losterone. Some very interesting results 
ive been reported from Czechoslovakia ac- 
rding to which the use of pharmacologic 
rents to block the effects of catechol amines 
ifficed to produce a prompt diuresis in car- 
iac patients; this observation would suggest 
iat other manifestations of baroceptor ac- 
i. vity might influence the renal retention of 
sodium. 

Chairman Sayers: As Dr. Farrell has 
pointed out, we have found that aldosterone 
is a very potent stimulant of the myocardium. 
its action is immediate. Certainly any im- 
provement in the function of the cardiovascu- 
lar system will be associated with changes in 
renal funetion. I would assume, under these 
cireumstanees, that a heightened excretion of 
sodium may be expected. Therefore, with re- 
vard to the administration of aldosterone or 
fluctuations in the level of this particular 
steroid, it is not realistic to hold to the narrow 
view that the hormone is acting only on the 
kidney ; we must expand our horizons, so to 
speak, and think of aldosterone in terms of 
an action on other tissues and, in particular, 
on the myocardium. This might explain some 
of the discrepancies which have been men- 
tioned. 

Dr. Fishman: I should like to ask Dr. Bart- 
‘er if he is convinced that the systemic arterial 
pulse pressure is actually the regulator of the 
yutput of aldosterone. We all know that there 
ire many baroregulatory devices strategically 
lisposed along the vascular tree. These may 
/perate, as in your experiments, to keep mean 
»vlood pressure constant. Consequently, may 
iot a constant mean blood pressure in the face 

f hemorrhage be a sign of many compensat- 
ng mechanisms in action? May not a constant 

1ean pressure be masking changes in organ 
lood flow and volume? May not a change in 
ne of these parameters, which is not reflected 
a the mean blood pressure, be responsible for 
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heightened aldosterone secretion? Or does the 
evidence actually pinpoint the pulse pressure 
as the triggering mechanism? 

Dr. Bartter: I am sure that other mech- 
anisms could be involved. But are you refer- 
ring, in particular, to the blood-loss experi- 
ments? 

Dr. Fishman: Yes. 

Dr. Bartter: Well, that is true of the blood 
loss, but you can apply constriction of the ca- 
rotid artery and nothing else whatsoever and 
get a decrease of carotid pulse pressure but 
no change in the carotid mean pressure. 

Dr. Fishman: If you recorded action poten- 
tials from the carotid nerves after artificially 
decreasing the pulse pressure, I suspect that 
you would detect an abnormal pattern of dis- 
charge. Might not this change in pattern have 
hemodynamic consequences which would not 
be reflected in a constant mean blood pres- 
sure? 

Dr. Bartter: I am sure the baroreceptor ac- 
tivity or outflow is there in all its aspects. 

Dr. Hilton: What is being alluded to is that 
you don’t know what is going on with relation 
to the blood flow to the adrenal glands, 
whether the adrenal glands are ischemic, or 
if the cardiac output is rising, falling, or 
what. For example, have you systematically 
investigated the effects of blood pressure 
and blood flow on the adrenal secretion of al- 
dosterone? 

Dr. Bartter: No. However, systemic arterial 
blood pressure may either rise (as with carotid 
constriction) or fall (as with caval constrie- 
tion) in the face of an increased rate of secre- 
tion of aldosterone. 

Chairman Sayers: May I interject a point? 
You have the total secretion, I assume, since 
you collect a certain volume of adrenal ve- 
nous blood over a certain time and you meas- 
ure the concentration of aldosterone in the 
blood; so, by multiplying concentration by 
flow, you can caleulate the total output of 
aldosterone over a certain period of time. 

Dr. Bartter: Half the output. 

Chairman Sayers: Well, then multiply it 
by 2. I think that answers the question. 
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Dr. Hilton: Does the adrenal blood flow 
fall off? 

Dr. Bartter: With the constriction of the 
carotid ? 

Dr. Hilton: Yes. 

Dr. Bartter: No. 

Dr. Farrell: I simply want to remark, in 
connection with Dr. Hilton’s question, that in 
our experience, while it is certainly possible 
to diminish the secretory rate of the adrenal 
gland if one cuts off completely the blood sup- 
ply to the gland, within rather wide limits 
large variations in adrenal blood flow have no 
effect on the rate of secretion of aldosterone. 


DISCUSSIO \ 


Dr. Mark Nickerson: I just wanted to poi: 
out that there is a good deal of old data 
indicate that the ordinary baroreceptor r 
flexes are much more sensitive to any giv: 
level of pressure when it is pulsatile tha 
when it is not. I think we can anticipate th: 
for any given mean pressure, the greater tl 
pulse pressure, the greater the firing of the 
baroreceptor fibers, and any of the chang 
that accompany this discharge. The chang 
may not be primarily in adrenal blood flov 
but they certainly affect blood flow throug 
the skin and particularly through the splane] 
nie area. 


On Mathematics in Biology 
And since we are assured that the all-wise Creator has observed the most exact propor- 
tions, of number, weight and measure, in the make of all things; the most likely way 
therefore, to get any insight into the nature of those parts of the creation, which come 
within our observation, must in all reason be to number, weight and measure. And we 
have much encouragement to pursue this method, of searching into the nature of things, 
from the great success that has attended any attempts of this kind—Stephen Hales. 

Statistical Essays. Ed. 2, vol. 1, London, W. Innys, 1731, p. 2. 
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Antidiuretic Hormones 


By Wiieur H. Sawyer, M.D., Pu.D., Ropert A. Munsicx, M.D., ano 
H. B. van Dyxeg, Pu.D., M.D. 


There are at least 3 antidiuretic hormones. Arginine vasopressin is the antidiuretic 
hormone of most mammals, including man. This function is served by lysine vasopressin 
in the pig, and by arginine vasotocin in birds, reptiles and amphibians. All 3 hormones 
are closely related chemically and act on the kidney in a similar manner. Arginine 
vasotocin also exists in fish, in which the antidiuretic response is not known to occur. 
This antidiuretic hormone appeared, therefore, in vertebrate phylogeny before it acquired 
antidiuretic function. Anatomie considerations suggest that the fish neurohypophysis 
serves to regulate adenohypophysial secretion. There is evidence that such a primitive type 
of neurohypophysial function has persisted throughout subsequent vertebrate evolution. 


rOV\HE ANTIDIURETIC hormone of man 
| been chemically identified as arginine 
vasopressin. This is not, however, the antidi- 
uretic hormone of pigs, birds, reptiles or am- 
phibians. Antidiuresis occurs in these animals 
in response to neurohypophysial peptides that 
differ chemically from arginine vasopressin. 
From a comparative viewpoint, therefore, there 
is no single antidiuretic hormone but several 
antidiuretic hormones. All appear closely re- 
lated chemically and act on the kidney in an 
analogous manner. An examination of the 
chemical relationships of these neurohypo- 
physial antidiuretic hormones and their evo- 
lution should be of interest and may offer 
additional insight into their physiologic func- 
tions. 

Antidiuretic hormones are formed by neu- 
roseeretory cells within the hypothalamus and 
are transported along their axons to be stored 
in dilated nerve endings closely applied to 
the eapillaries of the neurohypophysis.? They 
ippear to be stored in loose combination 
with protein.2+* The chemical form in which 
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antidiuretic hormones are released is not clear. 
Antidiuretic activity, however, certainly re- 
sides in octapeptides such as the vasopressins 
and their analogues. 

The best-defined action of antidiuretic hor- 
mones is the promotion of renal tubular re- 
absorption of free water.>® This action is of 
major physiologic importance to mammals 
and probably to nonmammalian terrestrial 
tetrapods. It is the basic step in the renal 
mechanism for the conservation of water. Sup- 
pression of antidiuretic hormone secretion is, 
conversely, essential for the production of 
water diuresis and the elimination of excess 
water. 

Changes in osmotic concentration of blood 
reaching osmoreceptors within the brain? in- 
fluence the release of antidiuretic hormones 
in a manner that tends to restore and main- 
tain a stable plasma osmotic pressure. The 
volume of circulating blood also appears to 
modify release independently of changes in 
osmotic pressure in such a manner that water 
is excreted or retained to restore a normal 
circulatory volume.'! Pain, emotion and drugs 
are among many other factors that may stim- 
ulate the release of antidiuretic hormones. 


Neurohypophysial Structure and Function 
in Nonmammalian Vertebrates 


Neurohypophysial hormones can cause anti- 
diuresis in mammals, birds, reptiles!” and am- 
phibians.* A similar action in fish, however, 
has never been demonstrated.'* The antidiu- 
retic response appears to be an adaptation re- 
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Figure 1 
Highly schematic diagrams of the hypophysial circulation in 4 vertebrate types. Solid 
arrows represent blood flow from neurohypophysis to adenohypophysis. Broken arrows 
represent the blood flow to and from the neural lobe. (Modified from Green.1*) 


lated to terrestrial habitat.!° The existence of 
the neurohypophysis and its hormones in fish 
in the absence of an evident capacity for renal 
response forces us to search for other fune- 
tions. 

The anatomy of the neurohypophysis in 
most fish differs strikingly from that in mam- 
mals (fig. 1). The neurosecretory nerve end- 
ings are either within the tissue of the adeno- 
hypophysis or closely applied to the capil- 
laries that lead into the adenohypophysis.?*” 
These neurons seem to be situated so that 
their secretions must reach the adenohypophy- 
sis in high concentrations. The lack of a 
neural lobe as such in aquatic vertebrates has 
been interpreted as indicating that the neuro- 
hypophysis in such forms functions as an or- 
gan of local secretion acting upon the adeno- 
hypophysis rather than as an organ for the 
systemic dissemination of hormones.!* Neuro- 
secretory endings also occur in lower verte- 
brates in positions indicating that secretion 


occurs into the cerebral ventricles and pos- 
sibly other parts of the brain itself. 

The tetrapod neurohypophysis differs from 
that of fish in the development of a neural 
lobe (fig. 1). This structure appears, in a 
primitive form, in certain lungfish! and is 
well developed in anuran amphibians and 
amniotes. The neural lobe is the caudal end 
of the neurohypophysis and it is characterized 
principally by its vascular relationships.'® 
Blood traversing its capillary bed does not 
pass to the adenohypophysis but into the sys- 
temic circulation. The neural lobe appears, 
therefore, well suited to function as an endo- 
erine organ for the storage and general dis 
semination of neurosecretory hormones. 


Local Actions of Neurohypophysial Hormones 


The rostral portion of the neurohypophysis 
retains, even in mammals, an intimate rela- 
tionship to the vascular supply of the adeno- 
hypophysis. Most, if not all, of the blood 
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, aching the adenohypophysis passes first 
t rough the capillaries of this portion of the 
urohypophysis, the median eminence, before 
ing earried to the adenohypophysis by por- 
| vessels. This certainly suggests that neuro- 
‘pophysial secretions retain an action upon 
e adenohypophysis, and the physiologic evi- 
nee supporting this is growing rapidly. 
Injection of huge doses of vasopressin in- 
avenously causes increased adrenocortical 
eretion, possibly due to stimulation of 
CTH release from the pituitary gland?° and 
‘om storage in other tissues,?! and to a direct 
‘tion upon the adrenal glands.”* Relatively 
nall doses of arginine vasopressin instilled 
ato the cavity of the third cerebral ventricle, 
\owever, appear to cause elevation ot the rate 
if ACTH secretion in conscious dogs.?* Equi- 
iolar doses of 3 closely related peptides, oxy- 
in, arginine vasotocin (3-isoleucine, 8-ar- 
vinine vasopressin) and oxypressin (8-leucine 
vasopressin), do not cause ACTH release 
when injected into the third ventricle. It is 
reasonable to believe that arginine vasopressin 
can diffuse from the third ventricle into the 
hypophysial portal system and is carried to 
the adenohypophysis in relatively high con- 
centration, causing ACTH release. Less direct 
action by way of other cerebral structures 
cannot, however, be excluded. 
That arginine vasopressin in low doses can 
cause ACTH release when applied close to 
the adenohypophysis is far from proof that 
it is the neuroendocrine agent in hypophysial 
portal blood that causes ACTH secretion.** 
Guillemin and others*® have obtained prepara- 
tions from neurohypophysial extracts in 
which vasopressor activity is considerably re- 
dueed relative to ACTH-releasing ability. It 
appears quite possible that releasing factors 
exist that are closely related to vasopressin or 
are derivatives of vasopressin. Whether they 
ire physiologic mediators of secretory stimuli 
from the hypothalamus to the adenohypophy- 
sis remains to be demonstrated. This suggests, 
however, that neurosecretion of vasopressin- 
-like peptides into the portal circulation may 
be an important physiologic link in the con- 
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trol of one adenohypophysial function by 
higher nerve centers. 

A growing body of evidence suggests that 
oxytocin may influence adenohypophysial se- 
cretion of gonadotropins. Systemic oxytocin 
in large doses delays mammary involution in 
nursing animals after removal of the litter, 
presumably by maintaining luteotropin (pro- 
lactin) secretion.2® 27 Oxytocin can also in- 
duce pseudopregnancy in rats,”* 7° indicating 
that it can initiate pituitary luteotropin secre- 
tion. Large intravenous doses of oxytocin or 
vasopressin are reported to increase gonado- 
tropin excretion in rabbits.*° It is conceivable, 
therefore, that oxytocin or oxytocin-like neu- 
rosecretions provide a means of hypothalamic 
control over gonadotropin secretion by the 
adenohypophysis analogous to the possible ac- 
tion of vasopressin on the adenohypophysial 
secretion of ACTH. 

The suggestion that vasopressin suppresses 
thirst*! is an interesting one, although the evi- 
dence for this action is not strong. This would 
represent an action on higher nervous centers, 
modifying subjective sensations and behav- 
ioral responses. Vasopressin and oxytocin ad- 
ministered systemically in large doses are 
capable of causing spawning behavior in some 
fish, even after hypophysectomy and castra- 
tion.3? This is clearly an action on the central 
nervous system although it may not be a 
direct one. That oxytocin may retain actions 
directly upon cerebral structures in mammals 
is suggested by the extraordinary observation 
of Brooks and Pickford** that small doses of 
oxytocin injected into the carotid circulation 
of conscious dogs produce a marked and per- 
sistent elevation of renal sodium excretion. 
Similar doses administered systemically are 
without appreciable effect. 


Nature of Neurohypophysial Hormones 
in Mammals 


The architecture of neurohypophysial tis- 
sue of mammals differs from that of other 
vertebrates. It is also of interest to inquire 
into pharmacologic differences and similarities 
with the expectation that information obtained 
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Figure 2 

The activities found in chicken neurohypophysial 
extract on several assays. These activities are also 
shown for arginine vasotocin alone and for ar- 
ginine vasotocin combined with oxytocin in the 
proportions in which they are believed to exist 
in the chicken extract. Units, in each assay, are 
based on comparison with U.S.P. Posterior Pitui- 
tary Reference Standard on that assay. 


may increase our understanding of neurohy- 
pophysial function in mammals. 

Arginine vasopressin has been chemically 
identified in the neurohypophyses of man,** 
cow,®** sheep,** and horse.** Although there is 
no chemical proof, there is sound pharma- 
cologic evidence for the presence of arginine 
vasopressin in monkey, cat, dog, rabbit, rat, 
and camel,** and preliminary pharmacologic 
evidence for its presence in the opossum.*® The 
single known exception to this rule among 
the mammals is the domestic pig.*° The neuro- 
hypophysis of this animal contains lysine 
vasopressin. Since hog pituitaries are an im- 
portant commercial source of vasopressin so- 
lution, one rarely knows, when he cracks an 
ampule, whether he is about to administer 
arginine or lysine vasopressin or a mixture of 
the 2. Whether this distinction is only aca- 
demic as far as human patients are concerned 
has not been established. 
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As the antidiuretic hormone secreted by 
pig, lysine vasopressin appears to be at k 
as potent as arginine vasopressin in caus 
antidiuresis in this species.*t Arginine y; 
pressin is, however, many times more pot 
than lysine vasopressin in causing antidiur 


in the dog.** The rat is less discriminating, 


the antidiuresis which results from lysine v 
pressin is considerably briefer than that w] 
occurs after arginine vasopressin.*?-* 
antidiuretic responses to the 2 vasopressin: 
man have not been compared. 


Neurohypophysial Hormones in Nonmammal 
Vertebrates 

Neither lysine nor arginine vasopressin 
pears to be present in those nonmammal 
vertebrates that have been adequately st 
ied.4® Pharmacologic and chromatograp:ii 
studies on the chicken neurohypophysis hi 
led to the conclusion that there are at lk 
2 active principles.47** One appears to be 
oxytocin. The second has pharmacologic ac- 
tivities that clearly distinguish it from any 
known mammalian hormone (fig. 2). We were 
extremely fortunate to have received, from 
Dr. du Vigneaud’s group at Cornell Medical 
College, many structural analogues of neuro- 
hypophysial hormones for pharmacologic 
study.*® Among these analogues was one ealled 
‘arginine vasotocin.’’ This chemical hybrid 
was synthesized by Katsoyannis and du Vig- 
neaud.*® It has the ring structure of oxytocin 
and the side-chain of arginine vasopressin. 
The pharmacologic properties of arginine vas- 
otocin match quite precisely the properties 
of the second principle in chi¢ken neurohypo- 
physial extract. If this pharmacologic evi- 
dence can be substantiated chemically through 
the isolation and identification of arginine 
vasotocin in the chicken neurohypophysis, 
Drs. Katsoyannis and du Vigneaud are in tlie 
extraordinary position of having synthesiz:d 
a polypeptide hormone without being awa 
of its existence in nature.*! 

Arginine vasotocin appears to be present 
a greater quantity than oxytocin in t 
chicken neurohypophysis.** It is much mo 
potent than oxytocin in causing antidiures ; 
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ute ue contraction, and oviposition in the 
her This would indicate that arginine vasoto- 
ein s the antidiuretic hormone of the chicken 
an possibly, is also involved in the process 
of -g-laying. The function of oxytocin in the 
her remains obscure. 
uploying similar methods with neurohy- 
po iysial extracts from a reptile, we have 
als tentatively identified arginine vasotocin 
an oxytocin.*® We have also obtained phar- 
m: vlogie evidence that neurohypophyses 
fr n 2 anuran amphibians, a frog and a toad, 
ain arginine vasotocin and a_ smaller 
itity of oxytocin. * * 
ony fish appear to have active principles 
heir neurohypophyses quite similar, if not 
itical, to the principles in amphib- 
15.46 48,53 Although arginine vasotocin is 
sent, its function in fish remains a mystery. 
clear-cut influence on renal function or 
‘ater metabolism has been described. 4 De- 
pletion of neurosecretory material in hypo- 
thalamie nuclei and neurohypophyses in fish 
exposed to extremely concentrated external 
environments affords but weak evidence for a 
specifie role of such secretion in the defense 
of internal osmotic integrity.** 5° 
The elasmobranech neurohypophysis con- 
tains a peptide with biologie activities quite 
distinet from those of any of the neurohypo- 
physial hormones or analogues that we have 
studied.*® 5* There is no evidence that would 
suggest a function for neurohypophysial se- 
cretion in elasmobranchs. 
The cyclostomes represent living remnants 
the jawless fish that were ancestors of all 
rtebrates. The neurohypophysis of the 
irine lamprey, a member of this group, con- 
ins a spectrum of pharmacologic activities 
listinguishable from that of arginine vaso- 
cin.4® 58 There is little or no oxytocin pres- 
t.46 Again we have no information concern- 
x the function of this peptide in the lam- 
ey. 


The Search for Related Principles 
_in Invertebrates 


Since active polypeptide principles oceur in 
« | major vertebrate groups, it is of interest 
( look for related substances among the in- 
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vertebrates. Tunicates are believed to be 
closely related to the ancestors of the verte- 
brates. The large solitary ascidians (fig. 3) 
contain a structure that has a certain super- 
ficial resemblance to the vertebrate pituitary. 
This is the neural complex, made up of the 
remains of the larval brain, called the cerebral 
ganglion, and a closely applied glandular 
structure, the subneural gland. This gland has 
a duct which communicates with the pharynx. 
The analogy of this association to that of the 
neural and glandular portions of the verte- 
brate hypophysis has tempted many to sug- 
gest homology of function.®® ® The presence 
of neurosecretory cells within the cerebral 
ganglion also lends support to this hypo- 
thesis. Neurohypophysial-like activities have 
been sought and found in extracts of the neu- 
ral complex.® ® More critical investigations, 
however, reveal that the same weak oxytocic 
activity can be found in any tissue of the 
ascidian®°* and that milk ejection, pressor 
and antidiuretic activities are essentially non- 
existent. The oxytocice activity resists alkali 
and sodium thioglycolate, unlike any known 
neurohypophysial peptide. The pharmacologic 
similarities between the neural complex and 
the neurohypophysis appear too superficial 
to offer any support for the argument in favor 
of homology.®: ® 

We have, therefore, no knowledge of the 
prevertebrate evolution of the neurohypophy- 
sis. Neurosecretory systems analogous to the 
hypothalamic-neurohypophysial system are 
widespread among invertebrates... There is 
fragmentary evidence that certain crustaceans 
have neurosecretory products that can cause 
water uptake by frogs.® ® This might indi- 
eate that principles similar to neurohypophys- 
ial hormones may exist in invertebrates.’ It 
seems extraordinary that such could be found 
in the eyestalks of crustaceans which are be- 
lieved to be very distantly removed from the 
line of evolution leading to the vertebrates. 
We are left, therefore, with the thought that 
neurosecretory hormones may, throughout 
evolution, have common chemical characteris- 
tics.! The alleged hormone in crustaceans that 
has frog water-balance activity may be an 
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Figure 3 
Top left. Diagrammatic representation of a typical solitary ascidian. Top right. The 
neural complex of Chelyosoma. Bottom. Sketches of 2 large ascidians that have been 
used for the pharmacologic investigation of the presence of activities resembling those 


of the neurohypophysial hormones. 


example of convergent evolution of neuro- 
secretory hormones. Neurosecretory products 
resembling vertebrate neurohypophysial hor- 
mones may have existed in the invertebrate 
ancestors of the vertebrates. However, their 
presence in surviving forms related to the 
early vertebrates remains to be demonstrated. 

Vertebrate Evolution and Neurohypophysial 

Peptides 

Active neurohypophysial peptide hormones 
are present in all the major vertebrate groups. 
The active principles differ, however, from 
group to group. They have been chemically 
identified only in a few mammals. We have 
studied a small number of nonmammalian 
species pharmacologically. Using this pharma- 
cologie evidence, it might be possible to for- 
mulate a tentative scheme for the evolution of 


neurohypophysial peptides based on the as- 
sumption that if 2 species share a peptide 
their most recent common ancestor also pos- 
sessed that peptide. On this basis a phyloge- 
netic scheme for neurohypophysial peptides is 
set forth in figure 4. 

The Agnatha or cyclostomes are the most 
primitive living vertebrates. These jawless fish 
have a very primitive neurohypophysis that 
appears to contain arginine vasotocih. Prox- 
imity of the neurohypophysis to the vascular 
supply of the adenohypophysis suggests that 
neurohypophysial secretion in this primitive 
form is carried directly to the adenohypophy- 
sis. It is plausible to postulate, therefore, that 
the vertebrate neurohypophysis first appeared 
as an organ for local secretion modulating 
adenohypophysial functions. 
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Figure 4 
Hypothetic diagram of the phylogenetic relationships among neurohypophysial peptides. 


Sharks and rays represent a line of evolu- 
tion of jawed fish divergent from that lead- 
ing to the bony vertebrates. In this group, a 
neurohypophysial peptide is present that is 
pharmacologically unique. We have no infor- 
mation concerning its chemical nature or its 
physiologic function. 

The pharmacologic evidence indicates that 
the bony fish have retained arginine vasotocin. 
In addition, oxytocin occurs in this group, 
perhaps having evolved from arginine vasoto- 
cin by the substitution of leucine for arginine 
in the penultimate position of the side-chain. 
We have but meager clues as to the physio- 
logie functions of these peptides in bony fish. 
The architecture of their pituitaries suggests 
that they function as local mediators between 
the neural and glandular divisions of the hy- 
pophysis rather than as systemic hormones. 

The amphibians appear to have inherited 
the same peptides that are present in bony 
fish. They have, however, added the neural 
lobe, apparently as a structure for the sys- 
temic dissemination of neurosecretory prod- 
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ucts. Here one now finds that arginine vaso- 
tocin has acquired striking effects on the 
water permeability of the skin, the bladder, 
and the distal renal tubule. These actions pro- 
mote water uptake through the skin, water 
reabsorption from the bladder, and water con- 
servation by the kidney. Antidiuresis appears 
first, therefore, in amphibians as 1 of 3 mech- 
anisms available for the retention and absorp- 
tion of water and the protection of osmotic 
integrity. Arginine vasotocin appears to be 
the antidiuretic hormone of amphibians and 
presumably contributes to their ability to be 
amphibious. 

Reptiles and birds do not seem to have al- 
tered the neurohypophysial peptides inherited 
from the amphibians. They have retained the 
antidiuretic response to arginine vasotocin. 
This peptide is also active in causing contrac- 
tion of the oviduct in reptiles and birds. The 
function of oxytocin in these forms remains 
obscure. 

Mammals have abandoned arginine vasoto- 
ein. Arginine vasopressin has displaced it as 
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the antidiuretic hormone. This step represents 
but a single amino acid substitution in the 
third position of the ring where phenylalanine 
replaces isoleucine. The domestic pig is the 
single known exception. Here lysine replaces 
arginine as the penultimate amino acid of the 
side-chain. This seems to be an isolated muta- 
tion, perhaps similar to that which occurred 
in the elasmobranchs. 

Following its appearance in the bony fish, 
oxytocin persisted throughout subsequent 
evolution. its structure apparently inviolate. 
Its only established physiologic functions are 
related to lactation and, possibly, to mamma- 


lian parturition. Lactation is, of course, ex- 
} , ’ 


clusively mammalian. Oxytocin does not ap- 
pear to be directly concerned with egg-laying 
in birds or other nonmammalian vertebrates. 
It appears, therefore, that oxytocin evolved in 
the fish millions of years before the oxytocic 
or milk-ejection responses. 

F. L. Hisaw® recently restated his generali- 
zation that, ‘‘It is not hormones which have 
evolved but the uses to which they are put.’’ 
Although the primitive uses of oxytocin in 
nonmammalian vertebrates are unknown, new 
uses certainly evolved in the mammals. Ar- 
ginine vasotocin is also present in fish, but 
antidiuresis first appeared in amphibians or 
their lungfish ancestors. This is another ex- 
ample of an ancient molecule adapted to a 
new use. 

Hisaw also emphasized that his rule, like 
any good rule, does have exceptions. Anti- 
diuretic hormones appear to offer an example 
of hormones that did undergo evolution while 
the ‘‘uses to which they are put’’ did not. The 
identity of the antidiuretic hormone changed 
twice during evolution, once from arginine 
vasotocin to arginine vasopressin and, in the 
pig, again to lysine vasopressin. The mech- 
anism of antidiuretic action and its physio- 
logic function, however, remained unchanged. 

Neurohypophysial peptides evolved, there- 
fore, long before their known peripheral ac- 
tions. The primitive neurohypophysis appears 
to be an organ for local secretion into the 
blood supply of the adenohypophysis. This 
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observation suggests that the neurohypophysis 
originated as a neurosecretory link between 
the brain and the adenohypophysis. A portion 
of the mammalian neurohypophysis retains a 
primitive anatomic relationship to the adeno- 
hypophysial circulation. We must seriously 
entertain the hypothesis that the mammalian 
neurohypophysis also retains a primitive 
physiologic function as a source of chemical 
mediators of hypothalamic regulation of 
adenohypophysial activities. 

The term ‘‘antidiuretic hormone’’ is an im- 
precise one, necessitating a parenthetie iden- 
tification. If reference is made to arginine (or 
lysine) vasopressin, the amino acid should be 
included in the name in order to define the 
hormone’s chemical identity. Antidiuretic 
hormones appeared, however, far earlier in 
vertebrate phylogeny than did the antidiu- 
retic response, and not as vasopressin. We 
would be wise, therefore, if we continue to 
use the term ‘‘antidiuretic hormone’’ or 
‘‘ADH,”’’ to recognize that in the use of the 
adjective ‘‘antidiuretic’’ we may be prejudic- 
ing ourselves by emphasizing a recently ac- 
quired use to which these hormones have been 
put and discouraging our curiosity about 
other more primitive functions of possible 
physiologic importance. 
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Down the Drain 

Elongated particles like threads or rods have a great tendency to associate and form 
structures. Such association is favored by the shape, the large surface, the poor balance 
of forces, and the friction resulting therefrom. Low motility and high viscosity will be 
characteristic of these particles and nature will invariably resort to this form wherever 
it wants to build structures. The “structure” of the cell is built of such particles and the 
really basie biological functions are linked to structure. Particles within this structure 
are mostly so intimately interlaced that they cannot be disentangled and isolated without 
profound damage. If we extract cells or tissues with water, a considerable part, the 
smaller half of the protein will be dissolved, but it will be globular proteins only which 
pass into solution while the basic structure will be left behind in the form of a semi-solid 
mass. Researchers did not know what to do with it and resolved the difficulty mostly by 
calling it “residue” and sending it down the sink. Unconsciously, research limited its 
attention therefore to the easily accessible globular proteins performing rather secondary 
functions around the basic structure and what we call today “protein chemistry” is, in its 
greatest part, only the chemistry of globular proteins—A. Szent-Gyorgyi. Nature of Life. 
A Study on Muscle. New York, Academic Press, 1948, p. 10. 
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Adrenocorticotropic Action of Antidiuretic Hormone 


By James G. Hiuton, M.D. 


By means of direct arterial perfusion of the adrenal glands of the hypophysectomized 
dog, it has been shown that synthetic lysine, arginine and acetyl arginine vasopressins 
stimulate the adrenal cortex directly to secrete hydrocortisone. Pressor activity and 
cortisol-stimulating activity were demonstrated to be independent of each other. Similar 
polypeptides, such as oxytocin, insulin, glucagon, and pressor amines, such as epineph- 
rine and norepinephrine, did not show any cortisol-stimulating activity. ACTH was found 
consistently to increase the rate of secretion of aldosterone when perfused through the 
glands of hypophysectomized animals. The probable role of arginine vasopressin as an 
important factor in the stress reaction is considered along with its postulated ability to 


activate adrenal phosphorylase. 


E HAVE previously reported our pre- 

liminary experiments which show that 
synthetic vasopressin, when injected into the 
arterial circuit of the adrenal glands of the 
hypophysectomized dog, stimulates directly 
adrenal cortical secretion.’ * In this paper I 
should like to report the results of this work 
together with additional experiments designed 
to elucidate the mechanism of the adrenocorti- 
eotropie action of vasopressin. Associated with 
me in this work have been Dr. Louis F. Scian, 
who is a Fellow of this Association, Dr. Coen- 
raad Westermann and Dr. Osear Kruesi. 


Methods 


Adult mongrel dogs were anesthetized by the 
intravenous administration of 0.5 mg. per Kg. 
body weight of sodium pentobarbital. When de- 
sired, hypophysectomy was done by the trans- 
bueeal approach of McClean.* 

In all experiments, the adrenal glands were 
perfused using the in situ technic of Hilton et al.4 
In this preparation, arterial heparinized blood 
obtained from donor dogs is pumped at a constant 
rate of 10 ml. per minute into the arterial circuit 
of the isolated adrenal glands of the recipient 
animal (fig. 14). At the start of perfusion by 
the pump, the heart of the recipient animal is 
fibrillated so that the glands are perfused solely 
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by donor blood for the duration of the experi- 
ment. Side arms on the tubing leading into the 
arterial cireuit of the adrenal glands allow for 
the continuous recording of blood pressure within 
the isolated adrenal pouch preparation, as well as 
for the injection or infusion of various agents.* 

The venous outflow from the adrenal veins was 
collected in iced graduated cylinders. In none of 
the experiments was any of the venous effluent 
from the adrenal glands allowed to recireulate or 
to return to the general circulation of the recipient 
(fig. 1B). The rate of secretion of hydrocortisone 
was calculated as the product of the rate of venous 
blood flow and the arteriovenous difference in the 
concentration of hydrocortisone. 

After several control collections, the agents 
under study for their adrenocorticotropie activity 
were infused via a side arm in the arterial per- 
fusing cireuit and additional collections were made. 

At the end of each experiment, an injection of 
ACTH was given to verify adrenal viability and 
to compare the rates of secretion of hydrocortisone 
with those of the previous infusion periods. 

The concentrations of hydrocortisone were de- 
termined by the method of Peterson et al.5 Th: 
concentrations of aldosterone in adrenal venou 
blood were measured by a double isotope dilutio: 
technic.* 


Results 
Experiments with Synthetic Lysine Vasopressin 
Six experiments were done. They are sum 
marized in table 1. Because of the variabilit; 
in responsiveness of the adrenal glands to th 
standard dose of ACTH from 1 dog to th 


*We are indebted to Dr. James O. Davis of tl 
National Heart Institute for these determinations. 
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Figure 1 
Diagram of adrenal arterial and venous perfusion pouches. In A the circuit is clamped 
off at 14 and blood from a donor animal is pumped into the aortic pouch via side arm 15. 
In B venous blood is not returned to the external jugular vein. (Republished by permis- 
sion of the American Journal of Physiology.’ ) 


Table 1 
Comparison of the Increment in the Rate of Secretion of Hydrocortisone (AF) Following 
Lysine Vasopressin with that Following ACTH 


Experiment Before ACTH Lysine vasopressin After ACTH* Vasopressint 
no. F yg./min. dose duration AF yg./min. AF yg./min. responsiveness 
HYPOPHYSECTOMIZED 

0.3 0.22 U./min. 10 min. 0.7 2.0 35% 

0.3 0.3. U./min. 7 min. 1.6 : 46% 

0.2 0.3 U./min. 7 min. 3.3 i 30% 

NONHYPOPHYSECTOMIZED 

2.6 0.22 U./min. 10min. 6.2 . 77% 

9.2 0.16 U./min. 7 min. 4.0 ‘ 174% 

6 6.0 0.2 U./min. 7 min. 2.4 os 126% 





*One unit per minute for 7 minutes. 
+AF after vasopressin - 
AF after ACTH — 


next, we have tabulated the results in terms cortisol above the control rate of secretion 


of the increment (AF) in the secretion of cor- gives a measure of the maximal responsiveness 
tisol which occurred after the administration or sensitivity of the glands in each dog to the 
of ACTH. This increment in the secretion of supramaximal dose of ACTH, ie., 1 unit 


Circulation, Volume XXI, May 1960 





HYDROCORTISONE SECRETION wGm/MIN. 


HILTON 


60 90 


ACTH 2.5 Usman. 


Figure 2 
Experiment showing effect of lysine vasopressin on the rate of secretion of hydrocortisone. 
Adrenal glands of a nonhypophysectomized dog are perfused with blood from a hypophy- 


sectomized donor. 


Table 2 
Effects of Graded Doses of Arginine Vasopressin on the Increment in the Rate of Secre- 
tion of Hydrocortisone (AF) in Hypophysectomized Dogs 





No. 
experiments 
performed 


Before ACTH 
av. F yg./min. 
<0.1 0.001 
<0.1 0.01 
<0.1 0.1 
0.15 0.4 





*All doses given over a 7-minute period. 
;One unit per minute for 7 minutes. 

tav. AF after vasopressin 
av. AF after ACTH 


100. 


per minute for 7 minutes.* The increment in 
the secretion of cortisol following the adminis- 


*In our preparation, the secretion of hydrocortisone 
first becomes detectable following 1.0 mU. of ACTH 
and becomes maximal at 10 mU. All injections in 
this type of assay were given as single doses of 1 ml. 
each. There was no recirculation of the ACTH 
through the glands.” 





Arginine vasopressin 


dose (U./min.)* av. AF ywg./min. av. AF yug./min. 





After ACTH? Vasopressint 


responsiveness 


0.4 3.1 13% 
1.6 4.1 39% 
2.5 3.6 69% 
4.5 3.8 118% 


tration of vasopressin was then compared 
with that following the administration of 
ACTH and expressed as a percentage of the 
ACTH response. As may be seen in table 1 
the amount of vasopressin perfused into the 
arterial circuit of the glands varied fron 
0.16 U./min. to 0.3 U./min. for 7 to 10 min- 
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Figure 3 
Effect of arginine vasopressin. Adrenal glands of a hypophysectomized dog are perfused 


with blood from a hypophysectomized donor. 


utes. There did not appear to be any correla- 
tion between these small differences in dose 
and the magnitude of stimulatory effect on 
the seeretion of cortisol. 
Figure 2 depicts the complete protocol of 1 
of these experiments (no. 4, table 1). In this 
periment, a nonhypophysectomized recipi- 
eit animal was perfused with blood from a 
\pophysectomized donor. In the 2 control 
riods, before the administration of vaso- 
essin, the rate of secretion of cortisol aver- 
aed 8.8 yug./min. After vasopressin, there 
s an increment in the rate of secretion to 
a evel of 14.8 pg./min. 
‘in this series of synthetic lysine vasopressin 
« deriments, the mean blood pressure in the 
® renal arterial circuit rose during the ad- 
iistration of the hormone by an average 
c 27 mm. Hg, with a range of 8 to 41 mm. 
' ». There was no pressor activity associated 
h the administration of ACTH. 
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Experiments with Synthetic Arginine Vasopressin 

Figure 3 depicts a typical example of this 
group of experiments. Both recipient and 
donor animals had been completely hypophy- 
sectomized ; consequently, control cortisol se- 
cretion rates were very low, averaging less 
than 0.2 »g./min. Following the injection of 
arginine vasopressin, the rate of secretion of 
cortisol rose to a peak of 4.2 ug./min. repre- 
senting an increment of 4.0 »g./min. above 
control. Mean blood pressure rose by an aver- 
age of 10 mm. Hg. 

In an attempt to define a dosage-response 
relationship, 8 additional experiments were 
performed in completely hypophysectomized 
animals. These experiments are summarized 
in table 2, which is similar in design to table 
1. There is a good correlation between the dose 
of vasopressin and the response of the glands. 

Since in all experiments thus far the vaso- 
pressin had been injected only over a 7-minute 





1042 


HYDROCORTISONE SECRETION wGm/MIN. 


“a 


10 mu /ee 


HILTON 


im 
actu 
1 une 


Figure 4 


Effect of 30 minutes of perfusion of arginine vasopressin on the rate of secretion of 


hydrocortisone in the hypophysectomized 


dog. 


Table 3 


Rate of Secretion of Hydrocortisone (F) and Aldosterone yg./min. Following Injections 
J J ff! Bg, g £n) 


of Various Synthetic Vasopressins* 





Vasopressin dosage Control 


Experiment over 7-minute period F aldosterone 


lysine 0.3 U./min. 0.35 
lysine 0.3 U./min. 0.6 
acetyl arginine 

14.3 wg./min. 0.6 

4} acetyl arginine 

28.6 ug./min. 4.3 


*ACTH was given at the end of each experiment at a rate of 1 U./min. for 


0 
0.005 


0.01 


0.163 


After vasopressin. After ACTH 
aldosterone F aldosterone 


0 3.8 0.015 
0.008 11.2 0.029 


0.045 6.0 0.057 


11.0 0.141 10.2 0.132 


7 minutes. 


All animals were hypophysectomized except as noted. 


+ 


period, and since the stimulatory effect of vas- 
opressin had more or less disappeared within 
20 minutes after the end of the injection, the 
effect of a prolonged infusion of arginine vas- 
opressin on the rate of secretion of cortisol 
was determined. Figure 4 illustrates the re- 
sults which were obtained when such an ex- 
periment was performed on a hypophysecto- 
mized animal. Despite continuation of the 
vasopressin infusion (10 mU./min.) for 30 


Donor animal incompletely hypophysectomized at time of bleeding. 


minutes, the rate of secretion of cortisol b 
to fall to control levels during the infusic 
Experiments Concerned with the Rate of Sec: 
of Aldosterone 

Four experiments were performed an 
summarized in table 3. It should be noted 


in 3 of the experiments there was a de! 


increase in the rate of secretion of aldost« 
following ACTH. In experiment 4 the « 
animal was found to have a small ren 
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Figure 5 
Comparison of the effects of acetyl arginine vasopressin (28.6 j.g./min. for 7 minutes) 


and of arginine vasopressin (1.0 pg./min. for 


in a hypophysectomized dog. 


of pituitary tissue after hypophysectomy. 
Apparently this remnant was insufficient to 
produce a maximal secretion of cortisol in the 
) rfused adrenal glands, since there was a 
ther rise after the administration of vaso- 
) essin and ACTH, but was sufficient to main- 
n a sustained, high rate of aldosterone se- 

© tion. 
\lthough lysine vasopressin (experiments 1 
| 2) showed its usual stimulatory effect on 
secretion of cortisol, it was without effect 
c the secretion of aldosterone. On the other 
! ad, acetyl arginine vasopressin showed both 
| (rocortisone- and aldosterone-stimulating 
« ivity as may be seen in experiment 3, table 
» However, acetyl arginine vasopressin has 
| pressor activity, a phenomenon illustrated 
i figure 5. When arginine vasopressin was 
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7 minutes) on the mean blood pressure 


subsequently injected, the expected rise in 
mean blood pressure occurred without a rise 
in the secretion of cortisol. It is possible that 
the acetyl analogue blocked, in some manner, 
the usual stimulatory effect of arginine vaso- 
pressin on the secretion of hydrocortisone by 
the perfused adrenal glands without blocking 
its pressor activity on the blood vessels of the 
adrenal glands. Further investigations of this 
question of blocking action, as well as of the 
effects of arginine vasopressin itself on aldos- 
terone secretion, are needed for definitive 
conclusions. 
Experiments in Which Miscellaneous Compounds 
Were Studied 

It was considered of interest to see whether 
other polypeptides, similar or dissimilar to 
vasopressin, might have cortisol-stimulating 
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Figure 6 
Comparison of the effects of synthetic oxytocin, arginine vasopressin and ACTH on the 
secretion of hydrocortisone and the mean blood pressure in the hypophysectomized dog. 
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Figure 7 
Comparison of the effects of insulin (2 U./min.) 
and glucagon (0.01 mg./min. and 0.1 mg./min.) 
on the rate of secretion of hydrocortisone in the 
nonhypophysectomized dog. 


activity. In 4 experiments (2 with hypophy- 
sectomized and 2 with nonhypophysectomized 
preparations), synthetic oxytocin, in a dosage 
ranging from 10 U./min. for 1 minute to 1.4 


= 


U./min. for 7 minutes, had no activity. At 
these high doses there was, however, pressor 
activity as seen in the experiment depicted in 
figure 6. 

In 2 experiments with hypophysectomized 
and in 3 experiments with nonhypophysec- 
tomized animals, insulin, in a dosage of | 
U./min. to 80 U./min for 1 to 10 minutes, had 
no effect on either the mean blood pressure or 
the secretion of cortisol (fig. 7). 

Glucagon, in 6 hypophysectomized and 14 
nonhypophysectomized preparations, had no 
effect either on the rate of secretion of cortiso! 
or on the mean blood pressure (fig. 7) 
Dosages used ranged from 0.01 mg./min. t 
1.0 mg./min. for 1 to 38 minutes. 

Finally, norepinephrine (4 pg./min. for 7 
minutes) and epinephrine (2 »g./min. for “ 
minutes) had no effect on the rate of secre 
tion of cortisol. The former compound did 
however, cause a rise in mean blood pressur: 
of 15 mm. Hg in the perfused adrenal gland 
(fig. 8). 

3’,5’-adenosinemonophosphate (3’,5’-AMP 
has been shown to have potent adrenocorticc 
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Figure 8 
Comparison of the effects of norepinephrine and ACTH on the rate of secretion of 
hydrocortisone. At a norepinephrine was injected at a rate of 0.1 pg./min. At b 1.0 
U./min. of ACTH was administered. Animal hypophysectomized. 


iropie activity... ® Arginine vasopressin was 
injected into an adrenal gland preparation 
which was being perfused with 3’,5’-AMP at 
0.1 mg./min. The cortisol-stimulatory activity 
of 3’,5’-AMP is illustrated in figure 9. Follow- 
ng each injection of arginine vasopressin 
100 mU./min. for 7 minutes), there was a 
‘ansient increment in the rate of secretion 
' cortisol of 2.1 pg./min. and 1.1 »g./min. 
spectively. Immediately following cessation 
' the 3’,5’-AMP infusion, cortisol secretion 
ll to basal levels. 
It is known from the experiments of 
aynes® that ACTH causes the accumulation 
* 3’,5’-adenosinemonophosphate in incubates 
beef adrenal cortex and that this, in turn, 
imulates the production of adrenal phos- 
iorylase. Haynes, Koritz and Péron® have 
30 shown ‘that 3’,5’-AMP added to the ad- 
nal glands of the rat which have been incu- 
ated in vitro elicits an increase in the rate of 
roduction of corticosteroid which is equal to, 
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HYDROCORTISONE SECRETION wGM/MIN. 


Comparison of the hydrocortisone-stimulatory ac- 
tivity of 37,5’-adenosinemonophosphate with that 
of arginine vasopressin and ACTH in the hypo- 
physectomized dog. 


or greater than, that produced by ACTH. The 
stimulation of the secretion of cortisol after 
perfusion of the intact adrenal glands of our 
preparation with 3’,5’-AMP supports the 
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theory that corticosteroid synthesis is medi- 
ated by stimulation of the production of ad- 
renal phosphorylase. Since the effect of vaso- 
pressin on the secretion of cortisol is relatively 
short-lived compared to that of 3’,5’-AMP and 
ACTH, it is conceivable that vasopressin may 
act, in some manner, to activate adrenal phos- 
phorylase rather than actually to stimulate its 
production. 
Discussion 

In 1958 Royee and Sayers® demonstrated 
that vasopressin had an ACTH-like activity 
in the hypophysectomized rat. They suggested 
that vasopressin might directly stimulate the 
adrenal cortex but did not pursue this further. 
Instead, they proposed that it released ACTH 
from nonadenohypophyseal binding sites. It 
would appear that their first suggestion was 
correct. Our observations clearly demonstrate 
a direct cortisol-stimulating action of synthet- 
ic lysine, arginine and acetyl arginine vaso- 
pressins when they are perfused through the 
isolated adrenal glands. That this secretion is 
hydrocortisone was confirmed in 2 ways: (1) 
spectrophotometric analysis of the plasma 
Porter-Silber chromogens revealed maximal 
absorption at 410 my, similar to that of hydro- 
cortisone aleohol, and (2) paper chromatog- 
raphy of methylene chloride extracts of 
plasma showed a motility identical to hydro- 
cortisone alcohol (R.F. = 18). 

Cortisol-stimulatory effects of arginine vas- 
opressin, the naturally occurring form in dog 
and man, were noted with amounts as little as 
7 mU. infused over a 7-minute period. Gins- 
burg and Brown‘ have demonstrated in the 
peripheral blood of rats amounts of ADH 
ranging from 1 to 26 mU./ml. under condi- 
tions of severe osmotic stimulation or hemor- 
rhage. Such amounts are well within the 
range which, in our experiments, produces 
maximal secretion of cortisol. 

Recently, it has been shown that as little as 
2 mU. of arginine vasopressin will cause a re- 
lease of ACTH when injected directly into the 
third ventricle of the dog.!® Therefore, it is 
apparent that arginine vasopressin may have 
3 major functions in salt and water homeo- 
stasis: (1) antidiuretic activity, (2) ACTH- 
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releasing activity, and (3) direct stimulatory 
activity on the adrenal cortex. 

We think it reasonable to ascribe an im- 
portant role to arginine vasopressin in the 
‘*stress reaction.’’ It is conceivable that the 
major role is played by the neurohypophysis, 
leaving to the adenohypophysis the regulation 
of nonstressful adrenal cortical homeostasis 
by means of ACTH. 


Acknowledgment 
Professor Vincent du Vigneaud’s laboratory at 
Cornell University, School of Medicine, kindly sup- 
plied the synthetic lysine, arginine, and acetyl argi- 
nine vasopressins as well as the synthetic oxytocin 
used. Dr. Mary A. Root of the Lilly Researeh Labo- 
ratories generously donated crystalline glucagon. 


References 
1. Hitton, J. G., Scran, L. F., WESTERMANN, C. D., 
AND Krues!, O. R.: Direct stimulation of ad- 
renocortical secretion by synthetic vasopressin 
in dogs. Proe. Soe. Exper. Biol. & Med. 100: 
523, 1959. 
—: Effect of synthetic lysine vasopressin on 
adrenocortical secretion. Science 129: 971, 
1959. 

McCLeaNn, A. J.: Transbuecal approach to the 
encephalon. Ann. Surg. 88: 985, 1928. 

HiLtTon, J. G., WEAVER, D. C., MUELHEIMS, G., 
GLAVIANO, V. V., AND WéerIA, R.: Perfusion 
of the isolated adrenals in situ. Am. J. 
Physiol. 192: 525, 1958. 

Peterson, R. E., KArrer, A., AND GUERRA, S. L.: 
Evaluation of Silber-Porter procedure for de- 
termination of plasma hydrocortisone. Analyti- 
eal Chem. 29: 144, 1957. 

Royce, P. C., anp Sayers, G.: Extrapituitary 
interaction between Pitressin and ACTH. Proc. 
Soe. Exper. Biol. & Med. 98: 70, 1958. 

GInsBURG, M., AND Brown, L.: Effects of haem- 
orrhage and plasma hypertoxicity on the neuro- 
hypophysis. In The Neurohypophysis. Heller, 
H., Ed. London, Butterworth’s Scientific Pub- 
liecations, 1957, p. 109. 

Haynes, R. C., Jr.: Activation of adrenal phos- 
phorylase by the adrenocorticotropiec hormone. 
J. Biol. Chem. 233: 1220, 1958. 

—, Koritz, S. B., AND P&éron, F. G.: Influence of 
adenosine 3’,5’-monophosphate on_ corticoid 
production by rat adrenal glands. J. Biol. 
Chem, 234: 1421, 1959. 

Kwaan, H. C., anD BARTELSTONE, H. J.: Corti- 
cotropin release following third ventricle in- 
jection of minute doses of vasopressin. Pharma- 
ecologist 1: 81, 1959. 

Hitton, J. G.: Unpublished observations. 


Circulation, Volume XXI, May 1960 





Discussion 


Dr. Smith: I should like to ask Dr. Sawyer 
if he knows if, in the fishes generally, the 
hypophysis has migrated up to the floor of 
the diencephalon ? 

Dr. Sawyer: No, that is only true in the 
very primitive neurohypophysis of the lam- 
prey. The lower diagram attempted to indi- 
cate that the neurohypophysis is completely 
surrounded by .adenohypophysial tissue, and 
it comes down in most fishes— 

Dr. Smith: No, that isn’t my question. Do 
you know of any fishes in which the hypophy- 
sis as a whole remains on the roof of the 
mouth rather than migrating embryologically 
to the floor of the ventricle? This matter is of 
interest to me since Millot reports that in the 
coelacanth the hypophysis is located on the 
roof of the mouth, and has its primitive nerve 
supply and primitive vascular supply. For 
those interested in comparative anatomy and 
physiology—Dr. Sawyer did not remark on 
this, but perhaps he will—the absence of any 
known physiological action in extracts made 
from the so-called pituitary of the ascidians is 
somewhat against the thesis that a larval as- 
cidian form was ancestral to the vertebrates. 

Dr. Sawyer: It doesn’t argue against it. It 
just doesn’t support it. 

Dr. Smith: I think it argues against it be- 
cause if the gland were a pituitary, you ought 
to find something there. 


Chairman Sayers: Dr. Hilton, when you 
set up experimental conditions in which you 
have a long-term infusion of the vasopressin, 
the cortisol secretion rises, and stays high ? 

Dr. Hilton: That’s right. 

Chairman Sayers: Do you have any com- 
ment on this point? 

Dr. Hilton: Well, as far as ACTH is con- 
cerned, we can keep these glands secreting for 
3 or 4 hours. We have never tried ACTH for 
any longer period. As to the transient effect 
of vasopressin, the only suggestion I have is 
that it is not stimulating a synthetic mech- 
anism but it may be activating pre-existing 
renal phosphorylase or some similar com- 
pound. 

Chairman Sayers: If there are no further 
questions, then I am going to call on Dr. Fish- 
man to close the meeting. However, while he 
is coming up here to the podium, I think this 
is an appropriate time for the audience, the 
speakers, and the individual chairmen to ex- 
press their appreciation to Dr. Fishman and 
to Dr. Pyles for the excellence with which they 
have planned and conducted this symposium. 
( Applause) 

Dr. Fishman: There is nothing left to say 
except to thank the New York Heart Associa- 
tion for making such a meeting possible and 
to thank all of you for participating. 


The Island of Knowledge 
To the island of knowledge in the sea of ignorance, all that we can do is add a small 


bit to the periphery. But, when we do, we simply increase the boundary between the 
known and the unknown.—A. C. Zettlemoyer. Molecular interactions with the surface of 


solids. Am. Scient. 47: 233, 1959. 
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and fluorescein, 988 
after hydrochloric acid, 991 
osmotic activity, 992 
and pancreatic juice, 994-995 
pH, 990, 991, 993 
and plasma, 990, 992 
tonicity, in situ, 997 
retention by sphineter of Oddi, 
990 
salts, 991, 995 
enterohepatic circulation, 988, 
989 
after secretin, 991, 993, 994-995 
after taurocholate, 990, 991, 993 
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Birds 
antidiuresis, 1027-1031, 1033 
kidney concentrating ability, 
956 
osmoregulation, 956, 957 
salt-secreting gland, 955-966 
tears, tonicity, 997-998 
Black-backed gull, 957, 959, 960 
Blood. See also Plasma; Serum 
adrenal, 1016-1017 
and antidiuretic hormone, 
1041 
in Conn syndrome, 1014 
and intraocular chambers, ion 
transport, 968, 971-972, 
981 
renal, and urine carbon dioxide, 
876-877 
salt gland supply, 963 
sodium depletion, 997 
central nervous system, 1006 
Blood flow 
adrenal, and aldosterone secre- 
tion, 1026 
and antidiuretic hormones, 867, 
1028 
hypophysial, 1028 
medullary, 867, 875, 897 
and osmotic regulation, 867 
and hydration, 875 
portal, neurosecretion of vaso- 
pressin-like peptides, 
1029 
and potassium secretion, 897 
in salt-secreting gland, 963 
Blood pressure 
and adrenocorticotropic 
hormone, 1044 
and aldosterone secretion, 1014, 
1017, 1018, 1021, 1022, 
1025 
baroreptor reflexes, 1026 
arterial, 1016, 1041 
brachial, 1018 
carotid, 1017, 1018, 1021, 1025 
peripheral, 1018, 1021 
earotid sinus, 1006 
and cortisol secretion, 
1044 
femoral vein, 1021 
and glucagon, 1044 
and neuroendocrine systems, 
1001 
and norepinephrine, 1044, 1045 
ocular, 968 
osmotie, 932, 934 
colloid, 1003-1004 
and oxytocin, 1044 
and sodium excretion, 1006 
and reabsorption, 1003-1004 
and vasopressin, 1041, 1043, 
1044 
after vena caval constriction, 
1021 


1043, 


eye, in rabbit, 971 
Blood vessels 
and fluid exchanges in rodent, 
864-865 
hypophysial portal veins, 1028 
and neurohypophysial secre- 
tions, 1029 
salt gland lobes, 963 
Blood volume 
and aldosterone secretion, 1017- 
1018, 1021, 1025 
and antidiuretic hormones re- 
lease, 1027 
and sodium excretion, 1004 
or retention, 1007 
Brain 
and adenohypophysis, 1034 
gonadotropin secretion, 1029 
and aldosterone secretion, 1014 
hypothalamus, 1029, 1034 
antidiuretic hormone forma- 
tion, 1027 
coagulation, and water in- 
take, 878 
and renal salt excretion, 1006 
stem, lesions, 1006, 1014 
subeommissural gland, 
1014 
Bromide, 821-822, 825 
Bufo boreas halophilus, 921 
Bullfrogs, 921-924 
Butterfish, 929 
Butyrate, and gut fluid transfer, 
950-951 


C 


1013- 


Calcium 
activity in chondroitin sulfate 
942, 943 
binding by protein 
835-836 
ear eartilage 
944-945 
in solution, 821-822, 825 
California sculpins, 922 
Camel, 1030 
Carbon dioxide 
and eye ion movement, 978-981 
pressures, in blood and urine, 
876-877 
Carbonic acid 
and hydrogen ion secretion, 899 
in solution, 821-822, 825 
Carbonic anhydrase, 894 
glutaminase activity, 900 
inhibitor. See specific substance 
and salt gland, 965-966 
Carnot-Clausius principle, 811-812 
Carotid artery 
constriction, and aldosterone 
secretion, 1016, 1018-1022 
pulse pressure, 1022 
thyro-junction denervation, 
1018-1020 


moecules, 


eoncentration, 





1052 


Carotid sinus, pressure, and sodi- 
um excretion, 1006 
Cat, 1014, 1030 
Cells 
membrane. See Membrane, cell 
red. See Eryrocytes 
Cesium, 821-822, 825 
Chicken, 931-935, 1030-1031 
Chloride 
and acetazoleamide, 993, 995 
analog computer measurement, 
980, 982 
and bile, 990-993, 995 
salts, 988 
choline, 883, 884 
chondroitin sulfate 
942, 943 
and hydrochlorie acid, 992, 993 
movement in eye, 973-975, 
979-984 
mucosal fluid content, 949-950, 
951 
and potassium 
910 


dialysis, 


concentration, 


protein binding, 831, 837-838 
reabsorption, 861, 888 

salt gland secretion, 959 

after secretin, 991, 993-995 
serosal sweat content, 949-951 
and sodium depletion, 944-945 
in solutions, 819, 821-822, 831 


and taurocholate, 993 
transport, 865 
bidirectional movement, 888 
by exchange diffusion, 889 
and membrane permiability, 
855, 897 
and sites, 865, 885, 888-890, 
950-951 
and tubular electrical ’poten- 
tial, 833, 884, 888 
Chlormerodrin, 880-882, 884, 913 
Chlorothiazide, in potassium and 
sodium exchange, 894- 
895 
Cholanic acids, 988 
Choline chloride, 883, 884 
Chondroitin sulfate, 941-947 
structural formula, 942 
Chromatography, adrenoglomeru- 
lotropin, 1011, 1012 
Circulation. See also Blood flow 
enterohepatic of bile salts, 988, 
989 
Cod, 929 
Coelacanth, 1047 
Conalbumin, 836 
Copper, 821-822, 825, 835-836 
Cormorants, 957 
Corticosteroid, and adrenal phos- 
phorylase, 1046 
Cortisol, secretion 
and 3’,5’-adenosinemonophos- 
phate, 1044, 1045 


INDEX 


after adrenocorticotropic hor- 
mone, 1039, 1040, 1042, 
1044 
and blood pressure, 1043, 1044 
after glucagon, 1044 
after hypophysectomy, 
1045 
after insulin, 1044 
and norepinephrine, 1044, 1045 
and oxytocin, 1044 
and pineal extract, 1012-1013 
regulatory system, 1001 
and vasopressin, 1039 
arginine, 1040-1042, 1044 
Cow, 1030 
Creatinine, 911, 912 
Crocodylus porosus, 958 
Crustaceans, 1031 
Cusk, 929 
Cyanide, intestinal transfer, 951 
Cyclostomes 
neurohypophysis, 1031, 1032 
salt concentrations, 955 


1039- 


D 


Deoxycholic acid, 988 
Desert rodents, 867, 956 
Desoxycorticosterone, urinary so- 
dium and weight after, 
1019 
Dextran 
and aldosterone secretion, 1017 
and urea solution, 852 
movement rate, 857 
Diabetes insipidus 
tubular fluid and urine osmo- 
lality, 862 
and water intake, 878 
Diamox. See Acetazoleamide 
Diemyctylus viridescens, 921 
Dinitrophenol 
intestinal fluid transfer, 95) 
and transtubular electrical po- 
tential, 884, 913 
Diuresis. See also Antidiuretic hor- 
mone 
aldosterone secretion, 1024-1025 
after arginine vasotocin, 1030- 
1031 
glucose, 862, 863 
in hydropenia, 862 
hypertonic sodium chloride, 862, 
863 
and ion transport in gut, 950 
and kidney concentrating abili- 
ty, 867, 902 
countercurrent multiplier sys- 
tem, 906-909 
after left atrium distention, 
1005 
mannitol, 862, 863, 887-888, 
893-894, 908-909, 950 
osmotic pressure, 862, 876, 907 


[Carotid Sinus—Electrolytes] 


oxytocin, 1030-1031 
and salt wasting, 1006 
salyrgan, 895, 898 
and sodium, concentration 
908-909 
movement, 887-888 
reabsorption, 865 
secretion, 895, 898 
and tubular fluid, 861, 862 
and urine, 862, 906-909, 1002 
after vasopressin, 1027 
types and species differences, 
1030 
See also Vasopressin 
water, 861, 958, 1027 
Dog 
adrenal gland, 1009-1010, 1038. 
1039 
aldostertne secretion, 1009-1010 
antidiuretic hormone, 1038-1039 
adrenocorticotropic hormone 
secretion, 1029 
arginine vasopressin, 1029, 
1030, 1041, 1044, 1046 
bile, electrolyte excretion, 988 
996 
cortisol excretion, 1041, 1044 
ion, nephron exchange, 892-901 
and water reabsorption, 902- 
909 
mannitol diuresis, 893 
urine flow, and pressure breath 
ing, 1005 
Dogfish, 919 
Donnan effect, 852-853, 975 
Ducks, 956, 957, 966 


976 


E 


Eel 
life cycle stages, 928-929, 931 
metamorphosis, 930 
second, 928-929, 931 
salinity relations, 919 
spawning migration, 917 
Eider ducks, 956, 957 
Elasmobranch, 955, 1031, 1033 
Electrical activity 
conductivity of solutions, 815 
potential, tubules, 879-887, 914 
and choline chloride, 883, 884 
and dinitrophenol, 884, 913 
hypothesis, model, 885 
and ischemia, 881, 882, 883, 
913 
microperfusion studies, 887 
889 
Necturus perfusion, 881-885 
888 
radiochlormerodrin 
880-882, 884, 913 
Electrolytes. See also 
electrolytes 
in Conn syndrome, 1014 


studies 


specific 
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excretion in bile, 988-996 
kidney concentration limit, 960 
renal tubules, and potassium 
excretion, 897 
in solutions, 818-827 
aqueous, 822-823 
transport, 897 
intestinal, 948-954 
movement in eye, 976, 977, 
984 
urine-plasma ratio after diu- 
resis, 893 
} mbiotica lateralis, 922 
¥ avironment 
and metamorphosis, 921-924 
second, 927-928 
spawning, 916-921 
fixed natal, 924-925 
oithelium 
collecting duct, 866 
water permeability, 865 
of eye, 968, 969, 970, 972-973 
and plasma composition, 983 
intestinal, water and _ electro- 
lytes transport, 948-954 
and urine reactions in lumen, 
912 
Erythrocytes 
ion transport energy 
glycolysis, 998 
permeability to cations, 897 
Eye 
anterior chamber, 970, 972, 976, 
981, 986 
aqueous humor, 696, 971, 973, 
976 
aseorbie acid, 973 
blood vessels, 968, 969, 970 
ciliary process, 968, 969, 972, 
973, 983 
connective tissue, 968, 969 
cornea, 968, 972 
epithelial cell layers, 968, 969 
glaucoma, 968 
ion movement, 968-987 
bidirectional, 985 
by diffusion, 968, 974-975, 
984-985, 986 
and secretion theory, 969 
equation, 978-980 
flow, 968, 978-979, 985 
pinocytosis, 972 
and fluid, constituents, 982- 
983, 986 
mathematical 
984-985 
unidirectional, 972, 985 
‘ris, 970 
ens, 968, 972 
erves, 970 
iigment, 968, 969 
lasma, 971, 973, 976-979, 983, 
984 
osterior 


from 


model, 982, 


chamber, 968, 969, 
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INDEX 


972, 973-974, 
981-984 
retinal vessels, 971 
and visual systems, 916-920 
vitreous, 971, 972, 976, 978, 
982, 984, 985 


976-979, 


F 


Ferrocyanide, 905-906 
Fibrinogen, 831 
precipitate formation, 841 
Fick’s law, 847 
Fish. See also specific fish 
anadromous, 916-920 
bony, 1028 
catadromous, 916-920 
euryhaline, 917, 918, 920-922 
evolution and genetic changes, 
919 
fresh-water, 916-920, 934, 955 
hypophysial circulation, 1028, 
1031-1033, 1047 
jawless, 1032 
marine, 916-920, 928, 956 
mixed hemoglobin patterns, 922 
osmoregulation, 934, 955, 956 
spawning behavior, 1029 
stenohaline, 916-917 
visual systems, 916-921 
pigments, 919, 928 
retinene, 928 
rhodopsin system, 
928, 929 
Flounder, 929 
Fluid. See also Solution 
and aldosterone, 971, 1009 
collecting duct, 864, 876 
composition, 949-950, 971, 973, 
982-983, 986 
ionic. See Ions; also specific 
ions 
for Necturus perfusion, 881- 
882 
regulatory systems, 1000-1008 
salt-secreting gland, 957 
and 2,4-dinitrophenol, 951 
eye, 968-987 
See also Eye 
and fluoride, 951, 952 
fluoroacetate, 951, 952 
and glucose, 951 
ileum, 949-950, 953 
and iodoacetate, 952 
jejunum, 949-951 
loop of Henle, 864, 866 
medullary interstitial, 865, 866 
mucosal, 949-953 
osmolality, 863-865, 964 
after diuresis, 876 
pH and ion exchange, 898-899, 
900, 983 
and phlorrhizin, 951, 952 
salt gland excretion, 959, 960 


916-920, 


1053 


and feeding habits, 957 
serosal, 949-953 
and sodium cyanide, 951 
“sweat” technique, 949-950 
tubule, 863, 865 
inulin clearance, 876 
species difference, 878 
volume _ receptors, 1000-1008, 
1009 
Fluorescein, 988 
Fluoride, 821-822, 825, 951 
Fluoroacetate, and fluid transfer, 
951 
Fowl. See Chicken 
Frog 
and antidiuretic 
1031-1032 
hypophysial circulation, 
1029 
ionic transport, 887, 953, 955, 
998 
life cycle, 920 
metamorphosis, 921-924 
osmotic flow, 857 
skin, 857, 887, 953, 955, 998 
visual system, 921 
Fructose, and ion transport, 950- 
951 


hormones, 


1028- 


G 


Galactose, and ion 
950-951 
Galapagos lizard, 958 
Gallbladder, bile concentration, 
989-990, 992 
Ganglion 
cerebral, ascidians, 1031 
ethmoidale, marine bird, 964 
Gannets, 957 
Gases 
Avogadro’s law, 812, 814 
Boyle’s law, 812 
colligative laws, 808, 812 
Gay-Lussae’s law, 812 
Glomerular filtration rate 
and potassium excretion, 895, 
898 
and sodium excretion, 895, 898, 
1003-1004 
water diuresis, 958 
Glomerulotropic, 1024 
Glucagon, and cortisol secretion, 
1044 
Glucose 
diuresis, an osmotic regulation, 
862, 863 
and insulin structure, 829 
and ion transport, 949, 951, 
952, 998 
and lactate production, 952, 953 
molecule, size and shapes, 831 
in stop-flow studies, 912 
Glucuronate, structure, 942 


transport, 
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Glycine 
and insulin structure, 829 
and protein molecules in solu- 
tions, 836, 839, 840 
hydrogen ion uptake, 833 
pyridine-2-azo-p-dimethy- 
laniline binding, 838 
and zine ion binding, 836 
Glycogen, and ion transport, 950- 
951, 953, 998 
Goat, 936 
Gonadotropin, excretion, oxytocin 
and vasopressin, 1029 
Guillemot, 957 
Gulls, 957-962 
Gut, ion transport in, 948-954 


H 


Hamsters, 869-874, 877, 878 
Heart failure 
and aldosterone output, 1014, 
1021 
sodium retention, 1025 
and weight loss, 1021 
Hemodynamics 
and aldosterone secretion, 1016- 
1023 
and volume receptors, 1002-1008- 
Hemoglobin 
acid-base peculiarities, 830, 831 
electrophoretic mobility, 934 
and embryonic development, 
934 
immunological specificity, 934 
at metamorphosis, 921-924 
pH and temperature effects, 
921 
placental, 936 
oxygen affinity, 921-924, 934, 
936 
resistance to alkali, 934 
solubility, 934 
Herons, 957 
Herring gull, 957, 958, 960 
Hesperonis, 958 
Hexosamine, ear cartilage, 944- 
945 
Histidine, hydrogen ion uptake, 
831 
Horse, 1030 
Hydrochloric acid, and bile elec- 
trolyte secretion, 991- 
993 
Hydrocortisone. See Cortisol 
Hydrogen ion 
and electrical potential, 887 
nephron secretion, stop-flow 
technic, 904 
and impermeant anions, 905- 
906 
and pH, 836, 899, 900 
and phosphate, 906 
and potassium, 897, 906 


INDEX 


and sodium, 872, 877, 897-899, 
900, 906 
transfer, 912 
uptake, 833, 836 
and glycine, 833 
urinary accummulation, 899, 
905 
plasma ratios, 897 
Hydropenia, 861-862, 867 
Hydrophidae, 958 
Hypertension, Hypotension. Sve 
Blood pressure 
Hypophysectomy, and_ cortisol 
secretion, 1039-1045 
Hypophysis, circulation, 1028 
See also Adenohypophysis; Neu- 
rohypophysis 
Hyla regilla, 921 


I 


Ichthyornis, 958 
Ileum, ion transport in, 949-950, 
953 
Insulin 
amino acid sequence in, 829 
and cortisol secretion, 1044 
disaggregation pH, 840 
Intestinal tract, ion transport in, 
948-954 
Inulin, clearance 
from collecting ducts, 872, 875 
and potassium excretion, 896 
tubular fluid, 876 
species difference, 878 
and urine osmolality, 869 
Invertebrates, 1031-1032, 1033 
Iodine, molecule size, 821-822 
and mobility, 825 
Iodoacetate, 951 
Ion(s). See also specific ions 
atomic, erystal radius, 821 
exchange in nephron, 892-901 
and pH, 898-900 
hydration, 825-826 
metal, 832 
protein binding, 834-836 
and methyl chondroitin, 944-945 
movement in eyes, 968-987 
See also Eye, ion movement 
reabsorption, 1003 
stop-flow studies, 902-909 
sizes, 821-822, 827 
transport, 818, 823-825 
and earbonic anhydrase, 965 
diffusion process, 973, 975, 
976-986 
Donnan effect, 852-853, 976 
energy source, 951, 953, 998- 
999 
hydrodynamic model, 818-819, 
827 
in intestine, 948-954, 988 
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substrate 
950-951 
and plasma membrane, 827 
semipermeable, 845-854 
“sweat” technic, 949 
time factor, 912 
after ureteral occlusion, 9°? 
in water deprivation, 859 
and water molecules, 818-8 7 
electrostatic interaction, 82 
823 
fluidity, 823-825 
Iron, protein binding, 835-836 
Ischemia, and electrical pot: 
tials, 881, 882, 883, 9°3 


requirement, 


J 


Jejunum, ion composition a 
«transport, 949-951, 95 
Jerboas, 956 


K 


Kangaroo rat, 956, 960 
Kidney (s) 
and antidiuretic hormone, 85) 
860, 867, 1002-1003 
concentrating ability, 906, 956, 
959 
electrolytes, limit, 960 
in Conn syndrome, 1014 
countercurrent system, 877, 906, 
963 
hypothesis, 864 
urine flow rate, 907-908, 909 
dilution, 867 
and diuresis, 867, 876, 958, 
1002-1003 
function, and aldosterone out 
put, 1014 
ion transport, 
1004 
and cell permeability, 885 
energy for, 998 
by exchange diffusion, 889 
and reabsorption, 888, 906, 
1003-1004 
and retention, 1006 
See also specific ions 
loops of Henle, 863-865, 867 
956, 907-908 
medulla, 863, 865, 876, 877 
metachromatic material, 997 
micropuncture data, 867 
nephrons, 861-868, 1003 
hydrogen secretion, 906 
and sodium reabsorption, 9 '5- 
906 
osmolality, 861-868, 955, 1/ 
1003-1004 
and salt gland, 957, 959-960 
flow volume, 958, 960-961 
tubules, 879-890, 1003 


879-890, 1003 
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‘ll permeability, 885 

‘eetrical potential, 879-887, 
913, 914 

er conservation, 867, 958, 
1002-1008 

ish, 919 


L 


dae, 918 
te, fluid concentration 
, posterior chamber aqueous, 
and plasma, 983 
, mucosal and serosal, 949- 
953 
ition, and oxytocin, 
1034 
ic acid, 953 
f—Lactoglobulin, 829, 831, 832, 
840, 842 
Lamprey 
hypophysial circulation, 1028, 
1031, 1047 
metamorphosis, 922 
second, 926 
visual systems, 916-920 
Lancet fish, 929 
Larus marinus, 959 
Lead 
carboxyl affinity, 836 
ionie radius, 821-822 
Leucine, 832 
Lithuim, 821-822, 825 
chloride, 855 
Liver 
and arginase activity, 924 
and bile salts, 988, 989 
and plasma tonicity, 997 
izards, 958 
ster, axon potential, 857 
igfish, 1028 
sine vasopressin 
| aldosterone secretion, 1043 
arginine replacement, 1034 
| eortisol secretion, 1040, 
1043, 1046 
ithetie, 1038-1041 


1033, 


M 


esium 

salt gland secretion, 959 

solution, 821, 822, 825 

ird, 966 

mals, See also Vertebrates; 
and specific animals 

idiuretie hormones, 
1037 

ioglobin changes, 934-936 

ioregulation, 956, 861-868 

sanese, 821-822, 825 

1itol diuresis 

! mucosal fluid composition, 
950 
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INDEX 


and osmolality, 862-863 
and sodium, 908-909 
movement, 887-888 
stop-flow pattern during, 
894 
and urine, 862, 908-909 
Mecholyl. See Methacholine 
Membrane(s) 
cell, 810, 897, 899 
plant, 810, 811 
tubules, 879-887 
collodion, 852 
movement, 849, 855 
and copper ferrocyanide, 810- 
811, 855 
diffusion processes, 810, 846- 
848, 857 
flow, 856 
and hydrostatic pressure, 850, 
851, 857 
Poiseuille conductance, 848, 
850 
permeability, 845-854, 857, 897 
Donnan effect, 852-853, 976 
to ether, 855 
ethylamine hydrochloride, 855 
yaussian curve, 846-847 
and ionic movements, 852, 
897-899 
random walk across, 855 
of rubber, 855 
ad solutes, 810, 849, 851 
sucrose, 855 
and thermodynamic profiles, 
852, 855, 856 
to water, 852, 855 
phenomenologie flux equation, 
847 
plasma, 845-854, 857 
electron microscopy, 845-846 
structure, 857-858 
potential, 854 
chemical, 851, 852 
electrical, 853, 879-887, 913, 
914 
and polystyrene 
acid, 853 
and ‘vapor pressure, 856 
Mercaptan, 833, 840 
Mercury 
in solutions, 821, 822 
protein binding, 835-836 
and tubular electrical poten- 
tials, 880-884, 913 
Metamorphosis, vertebrates, 916- 
938 
second, 924-928 
Methacholine, and salt 
965, 966 
Methane, 820 
Methionine, 832 
Methyl choudroitin, 842 
structural formation, 942 
ion concentrations, 944-945 


sulfonic 


gland, 


1055 


Methyl orange, protein binding, 
837-838, 839 
Molecules 
liquid, 819 
protein, in solution, 828-844 
tertiary structure, 829 
transport across plasma mem- 
brane, 846 
water, 819-82: 
Monkey, 1030 
Mucopolysaccharides, and sodium 
metabolism, 941-947 
Mucoprotein 
cartilage of ear, 941-947 
electrophoresis, 945-946 
eations, incomplete ionization, 
947 
in ground substanee, 943 
and sodium metabolism, 943-946 
radiosulfur studies, 945-946 
Mud puppy, 923 
Muscle, ion transport, 887, 998 
Myelin sheath, 858 
Myocardium, aldosterone stimula- 
tion, 1025 
Myoglobin, 830, 831 
Myosin, 834 


N 


Nasal gland, See Salt gland 
Natriuretic hormone, 1006, 1007 
Necturus, 879-890, 923 
Neohydrin, 880-882, 884, 913 
Nephron. See Kidney(s), nephrons 
Nervous system” 
and aldosterone secretion, 1018- 
1019, 1022 
and body fluids, composition 
and volume, 1000 
central, 1006, 1022 
and ion transport, 887, 998 
marine bird salt gland, 964 
peripheral, 1006 
and salt excretion, 1006 
Neurohypophysis 
fish, 1028, 1047 
hormones, 1028-1029 
evolution, 1033-1034 
invertebrates, 1031-1032 
in mammals, 1029-1030 
of lamprey, 1047 
peptides, 1034 
phylogenetic relations, 1032 
1033 
Newt 
metamorphoses, 925, 930 
visual system, 921 
Nitrogen 
excretion, 931-932 
at metamorphosis, 924 
size, 821-822 
in solutions, 825 
Norepinephrine, 1044, 1045 
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North African rodent, 960 


Nucleic acid, and protein mole 
cules, 841, 842 


0 


Opossum, 1030 
Osmometers, 810, 852, 855 
Ovalbumin, 830, 831, 841 
Oxygen 
consumption, 971 
and phlorrhizin, 953 
erystal radius, 821, 822 
hemoglobin affinity for, 921- 
924, 935 
phenolic, and metal ion bind 
ing, 835-836 
tensions in urine, 877 
Oxypressin, 1029 
Oxytocin 
and adrenocorticotrophie 
hormone, 1029, 1044 
antidiuresis, 1030-1031, 1033 
and cortisol secretion, 1044 
evolution in fish, 1034 
and gonadotropin 
1029 


secretion, 


P 


Pancreas, bicarbonate and chlo 
ride concentrations, 994- 
995 
Para-aminohippurate 
bile concentration, 988 
and sodium concentration, 902- 
904, 908 
stop-flow patterns, 902-904, 908 
and urine, concentration and 
flow, 908, 988 
Pelicans, 957 
Penguins, 956, 957 
Penicillin, bile and urine secre 
tions, 988 
Peptide 
linkages, between amino acids, 
828, 829 
neurohypophysial, 1032-1034 
phylogenetic relationship, 
1032-1033 
vasopressin-like, and 
hypophysial 
1029 
Perch, 919, 922 
Petrels, 957, 960 
Petromyzon marinus, 920, 925- 
926 
Petromyzon planeri, 922 
Phenolsulfonphthalein, 988 
Phenylalanine 
in insulin structure, 829, 832 
isoleucine replacement, 1034 
side-chains, 832 


adeno- 
function, 


Phlorhizin 
excretion, in bile and urine, 
988 
and fluid transfer, 951, 952 
and laetie acid production, 952 
and oxygen consumption, 953 
Phosphatase, alkaline, 966 
Phosphate, and ion 
905-907 
Phosphatidic acid, 966 
Pigeon, 966 
Pigs, 1027, 1030, 1033, 1034 
Pinealectomy 
aldosterone 
1024 
and cortisol secretion, 1013 
Pineal glands 
aldotropie activity, 1024 
hexane fraction, lipid solubil- 
ity, 1011 
and steroid secretion, 1011,1013 
Pituitary gland 
and aldosterone secretion, 1024 
anterior hormone, and meta- 
morphosis, 927 
of bony fish, 1033 
Plasma 
and bile, ionic concentration, 
989-990, 992 
tonicity measured in_ situ, 
997 
clearances and renal flow, 897 
constituents, 862 
in eye, 968-969, 973, 978-979, 
981, 983, 984 
and tubules, 902-904, 911, 
1004 
and urine, 862, 898, 900, 956 
freezing-point depression, 934 
membrane, 845-854, 857 
See also Membrane 
osmotic pressure, 934, 1004, 
1027 
after diuresis, 862 
potassium, 896, 897 
proteins, 922 
Donnan effect in anions and 
eations, 975 
at metamorphosis, 922 
sodium concentration, 902-904, 
956, 1004 
Porphyropsin system 
bullfrog, 921-924 
fishes, 916, 917 
lamprey, 920 
rhodopsin mixtures in salmo- 
nids, 918, 919 
Potassium 
in aortal and portal perfusion 
system, 881-882 
aqueous humor and plasma, 983 
and bile osmotic activity, 992 
chloride, 826, 897 


secretions, 


secretion, 1013, 


[North African Rodent—Pressu 


concentration after met! 
chondroitin, 944 
chondroitin sulfate 
942, 943 
in collecting ducts, 872 
erystal radius, 821-822 
exchangeable, and sodium, 8: 
910 
and glomerular filtration ra 
895, 896 
and hydrogen ion, 897 
interstitial fluid, 897 
iodide, 826 
leakage into tubule lumen, §& 
mobility, and relative fluidity 
825 
nephron, 904-905 
permeability, 887 
across peritubular and tub- 
ular cell membrane, 885- 
886 
and electrochemical poten- 
tial, 897 
and phosphate, 906-907 
reabsorption, 887, 892, 905-906 
site localization, 895-897 
in salt gland secretion, 959 
secretion, 877-878, 892 
and acetazoleamide, 894, 895 
and chlorothiazide, 894, 895 
after salyrgan, 895, 898 
species difference, 877 
stop-flow technic, 894, 9(4- 
907, 910 
after ureteral occlusion, 910 
time factor, 912 
serum concentration, 910-911 
and sodium depletion in ear 
cartilage, 944-945 
steady state maintenance, 887 
and thiosulfate, 905-906 
transport, 886, 887 
and impermeant anions, 902, 
960, 910 
“sweat” technique, 949 
tubular concentrations, 883-855, 
892, 894, 910, 911 
urine concentration, 871, 877- 
878, 893 
and water reabsorption, 870 
Pressure. See also Blood pressure 
Pressure 
carbon dioxide, in urine, 8/5- 
877 
cuff, and sodium 
1004, 1005 
hydrostatic, 850-852, 857 
and ionic concentration, 9 
912 
intraocular, and glaucoma, $8 
osmotic, 934, 958, 1004, 1027 
antidiuretic hormone, 3 
876 
in bile and plasma, 990 


dialys 


excretion, 
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and colligative properties of 
solution, 812 
colloid, 1004 
countercurrent system, 864- 
865, 876, 877 
after diuresis, 862, 907 
and freezing point depres- 
sion, 818, 849, 934 
for gases, 812 
and inulin clearance, 869 
and kidney, 861-868, 955, 
1002-1004 
and membrane flow, 850-852, 
855 
and taurocholate, 992 
and urea, 875 
urine, 860, 862, 863, 871, 876, 
902, 906-907 
pulse, 1021, 1025 
right atrial, after blood loss, 
1021 
vapor, 813-814, 849, 857 
chemical potential, 856 
Prolactin, 925, 927 
Protein. See also specific proteins 
Protein 
acid-base groups, 831 
binding by, 834-841 
and chelating agents, 836-837 
metal ions, 835-837 
and pH, 8338, 836-837, 840, 
841 
of unchanged molecules, 833, 
839 
and zwitterionic glycine, 839 
intramacromolecular interac- 
tions, 840, 841 
at metamorphosis, 922 
molecules, in solution, 828-844, 
855 
composition of smaller units, 
841 
denaturation, 831, 833 
hydration sheath around non- 
polar groups, 831, 832, 
835 
nucleic acid interaction, 841- 
842 
opsins, 922, 928 
size, 821, 822, 831 
structures, 828-829, 838, 839 
sammomys, 867, 960 
ulse, pressure 
and aldosteronism, 1021, 1025 
and baroreceptor fibers, 1026 
carotid, 1025 
after thiamine, 1021 
yridine-2-azo-p-dimethylaniline, 
838, 839 


R 


abbit 
arginine vasopressin, 1030 
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INDEX 


ear cartilage mucopolysaccha- 
rides and sodium metab- 
olism, 941-947 
gonadotropin excretion, 1029 
ion movement in eye, 968-987 
Radiochlormerodrin, 880-882, 884, 
913 
Rana catesbiana, 922 
Rana esculenta, 921 
Rana temporaria, 921, 924 
Rat 
aldosterone, digitalis-like ac- 
tion on myocardium, 
1014 
diabetes insipidus, 878 
electrolytes concentration limit, 
960 
ion transport in gut, 948-954 
lactate distribution, 953 
osmolality, 862 
pseudopregnancy and oxytocin, 
1029 
urine composition, 877-878, 956 
dilution, 867 
inulin/potassium ratic, 878 
vasopressin, 1030, 1046 
Rays, 1033 
Red efts, 925 
Redfish, 929 
Reptiles 
antidiuresis, 1033 
neurohypophysial 
1027-1031 
osmoregulation, 956, 958, 959 
Retinene, 916, 922, 928 
structure, 917 
Rhodopsin, in visual system, 921- 
924, 928, 929 
porphyropsin mixture in fishes, 
918-919 
Ribonuclease, acid-base, 830, 831 
Rubidium, 821-822, 825 


hormones, 


Ss 


Salamanders, 920 
Salamandra atra, 930 
Salamandra maculosa, 931 
Triturus cristatus, 922 
Triturus vulgaris, 922 
Salmon 
life cycle, 920 
metamorphosis, 922 
spawning migration, 917 
visual system, 918, 919 
Salt. See Ion(s); Sodium 
Salt glands, 955-966 
capillary blood flow counter- 
current system, 963-964 
carbonic anhydrase, 965-966 
flow, 958, 960 
and size, 961 
and kidney, 958-961 
nerve supply, 964-965 


1057 


osmoreceptor reflex, 965 
parasympathetic nature, 965, 
966 
phosphatidic acid turnover with 
acetylcholine, 966 
secretion composition, 957, 959- 
960, 966 
and feeding habits, 960 
species-specific tonicity, 998 
succinic dehydrogenase, 966 
structure, 959-963 
Salyrgan, and potassium excre- 
tion, 895 
and sodium exeretion, 898 
Scorpaenichthys marmoratus, 922 
Scup, 929 
Sea lamprey 
metamorphosis, 925, 930 
visual system, 926-927 
Sea snakes, 958 
Seals, 956 
Secretin, and bile 
electrolyte composition, 991, 
993-995 
and hydrochloric acid, 993 
Serum 
albumin binding, 833 
and acetate, 837, 838 
and azomerecurial, 841 
and glycine, 833, 839-840 
of hydrogen, 833, 836 
and methyl orange, 837 
and nueleie acid, 841 
and phthalate, 837 
and tryptophan D-and L-, 
837-840 
electrolytes, and sodium deple- 
tion, 944-945 
Shad, 922 
Sharks, 1033 
Sheep, 1030 
Silver, 821-822, 825 
Siredon mexicanum, 922 
Skimmer, black, 957 
Skin 
gastric mucosa pressure, 857 
ion transport, 952-953, 955 
energy metabolism, 998 
water conservation, 1033 
Snakes, 920, 958 
Sodium 
absorption, after ureteral occlu- 
sion, 930 
and aldosterone, 903-904, 913, 
1007 
excretion, 1009-1010, 
1020, 1024-1025 
bile concentration, 991, 993-995 
osmotic activity, 992 
binding, 943 
by protein substituents, 835- 
836 
chloride, 825-826, 884, 887-888, 
911 


1018- 





1058 


Sodium, Chloride, continued 
erystal, 819 
and hypotonicity of fluid, 
862-863 
reptile secretion, 959 
salt gland secretion, 957, 960, 
965 
sulfate ion, 943 
chondroitin sulfate, 942, 943 
evanide, 951 
depletion, 984, 985, 997, 1009 
1010 
and central nervous system, 
1006 
and cortisol output, 1009 
and cortisol secretion, 1013 
in ear cartilage, 944-945 
electrophoresis, 946 
and mucoprotein metabolism, 
943-944 
radiosodium sulfate studies, 
946 
excretion, 870, 892, 895, 957, 
960, 1003-1004 
and chlorothiazide, 894-895 
and filtered load of sodium, 
1003 
and fluid volume, 1003, 1006 
and glomerular filtration 
rate, 896 
natriuretic hormone, 1006- 
1007 
neural regulators, 1007 
in osmotic diuresis during 
free flow, 913 
after oxytocin, 1029 
renal hemodynamics, 1003 
and secretin, 991, 993-995 
and urine flow, 870, 908 
and volume receptors, 1004- 
1006 
eve fluid content, 971, 974-977, 
984-985 
analog computer determina- 
tion, 980, 982 
chloride ratio, 985, 986 
electrochemical potential dif- 
ferences, 975-976 
fluoride, 821-822, 825, 951 
fluoroacetate, 951 
gut mucosal fluid and serosal 
sweat, 949-950, 951 
hydrogen exchange, 872, 898- 
899 
earbon dioxide after, 877 
intake, 1018-1020 
and ascites after caval con- 
striction, 1019, 1020 
and desoxycorticosterone, 1019 
intracellular, 885 
lactate. See Lactate 
loss, 974-975, 984, 985 
from papillary interstitium, 
877 


INDEX 


after mannitol, 911, 950 
metabolism, 939 
and mucopolysaccharides, 941- 
947 
monoiodoacetate, 951 
plasma concentration, 902-904, 
956, 976, 977, 983, 1004 
potassium ratio, 892, 897, 904- 
905 
exchange sites, 895, 910 
propionate, 950-951 
radiolabeled studies, 941, 974- 
975 
reabsorption, 889, 890, 903-904, 
910, 914-915, 1003-1004, 
1007 
collecting duets, 865, 870, 
877, 914-915 
and colloid osmotie pressure, 
1003-1004 
epithelial, 865 
and ferrocyanide, 905-906 
and hypotonicity, 862, 863 
negative luminal potential, 
910 
and phosphate, 905-906 
sites, 905, 910, 914-915 
and thiosulfate, 905-906 
time factor, 913 
retention, 1003, 1019, 1020-1021 
in eardiae failure, 1025 
and thyro-earotid arterial 
junctions denervation, 
1020 
in solutions, 819 
mobility and relative fluid- 
ity, 824-825 
shapes, 831 
size, 819, 821-822 
stop-flow studies, 902-909 
sulfate, 910 
taurocholate. See Taurocholate 
transport, 865, 867, 886-888, 
897, 913 
active process, 892 
against electrical potential, 
887 
and antidiuretic 
867 
diffusion, 886-887 
energy, 998 
extrusion mechanism, peri 
tubular cells, 885-886 
flux measurements, 889 
and leakage, 885, 886 
in Necturus, 887, 889 
and permeability, 885-887 
processes, 1003-1004 
‘“sweat’’ technique, 949 
tubule concentration, 865, 867, 
884-885, 889 
after adrenalectomy, 902-904, 
1020-1021 
time factor, 912 


hormone, 
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after ureteral occlusion, 903, 
911 
and water, 902 
arginine vasopressin fune- 
tions in homeostasis, 
1046 
extrarenal regulation, 1000- 
1008 
intrarenal exchange, 859-860 
reabsorption, 863 
Solutions 
aqueous, 818 
Avogadro’s law, 812, 814 
chemical potential of solvent 
851 
chondroitin sulfate 
942, 943 
diffusion process, 810, 813, 846- 
848, 849, 857 
dilution, 813 
eolligative laws, 808, 812, 
814 
dissociation theory, 818 
and electrolytes, 814 
bile fractions, composition, 
994-995 
structure, 818-827 
and gas laws, 810-815 
equation, 812, 813 
Gaussian curve, 846 
Glauber’s salt affinity for water 
of crystallization, 810 
hydrostatie pressure, 857 
for steady state, 851 
indigo carmine, 914 
isosmotie, 994-995 
Krebs-biearbonate in gut ion 
transport studies, 949, 
953 
laws, 808-817 
and membranes, semipermeable, 
845-854 
See also Membranes 
movements, 856 
chemical potential equation, 
857 
osmotie pressure,. 812, 849, 850, 
869 
and freezing point depres 
sion, 818, 849 
measurement, 810-811 
particle movements, 846-848 
Fick’s law, 847 
Gaussian probability fune 
tion, 847-848 
nondiffusional process, 848 
and permeability, 857 
Poiseuille flow, 848 
“random walk,” 846 
pH, and molecular weight, 841 
protein molecules in, 828-844 
relative fluidity, and mobil- 
ity, 824, 825 


dialysis, 
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receptor salt sensitivity, 1004- 
1005 
and thermodynamies, 855 
irreversible, 849 
vapor pressure, 813-814, 849, 
857 
water movement, 856, 857 
and aleohol, 810 
Squid axon, 857 
Stenohaline fishes, 916, 917 
Strontium, 821-822, 825 
Subcommissural gland, 1013-1014 
Succinic dehydrogenase, 966 
Sucrose 
and isotonic solutions, 810 
and salt gland secretions, 965 
Sulfate 
concentration in salt gland se- 
cretion, 959 
ear cartilage, 944-945 
and hydrogen secretion, 905- 
906 
and potassium, exeretion, 895, 
905 
reabsorption, 906 
and sodium reabsorption, 
906 
in solutions, 821, 822, 825 
and transtubular electrical po- 
tential, 884 
Sulfonic acid, and membrane po- 
tential, 853 
“Sweat” technic, 949-950 


7 


Tadpoles, 921-924 
Taurocholate 
and bile composition and flow, 
990-994 
infusion in dextrose, 999 
“micelle point” of pure, 992 
Temperature 
flow volumes, countercurrent 
exchange system, 964 
and metamorphosis, 921-924 
and molecules, 840, 842 
activation energy, 821 
nonpolar, 831 
and water fluidity, 820, 849 
Terns, 957 
Tetrapod, 1028 
Thiosulfate, 905-906 
Thyroid gland 
aldosterone secretion after de 
nervation, 1018-1020 
hormone, and metamorphosis, 
921, 923, 927 
Timethylamine oxide, 955 
Toad 
arginine vasotocin 
and oxytocin, 1031 
bladder, 953, 998 
at metamorphosis, 922 
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visual system, 921 
Tobacco mosaic virus, 842, 843 
Transferrin, 836 
Triiodothyronine, 922, 923 
Triturus cristatus, 922 
Triturus vulgaris, 922 
Trout 
egg, nondiffusional flow, 857 
hemoglobin at metamorphosis, 
922 
visual system, 918, 919 
Tryptophan, 837 
Tunicates, 1031 
Turtles, 920, 958 
Tyrosine 
and alanine, peptide bond, 828 
and metal ion binding, 835-836 
titration characteristics, 831 


U 


Urea 
and dextran, 852, 857 
excretion, 932, 933 
at metamorphosis, 922 
formation and chick develop- 
ment, 932, 933 
interstitium and collecting ducts, 
865 
and osmotie pressure, 875 
in salt gland secretion, 959-960 
vertebrate body fluids, 955 
and water movement, 852, 865 
Uric acid, 932, 933 
Ureter, occlusion, 912 
and plasma/urine composition, 
903 
Urine 
acidification, 869, 876-877, 898 
mechanism, 900 
carbon dioxide tension, 876-877 
and collecting ducts, 869-874 
concentration, 1003 
ammonia, and hydrogen- 
sodium exchange, 899 
after antidiuretic hormone, 
859 
after glucose diuresis, 863, 
1019 
hyperosmotic phase, 861 
and plasma constituents, 862, 
898, 900, 902-904, 956 
in water deprivation, 859-860 
in diabetes insipidus, 862 
dilution, 860, 861-868 
excretion, 893 
after aldosterone, 903-904 
chloride, 893 
creatinine, 893 
and desoxyeorticosteroids, 
1019 
and fluorescein, 988 
inulin, 869, 870, 893 
and mannitol, 909 


1059 


potassium, 871, 877-878, 893 
sodium, 870, 893, 902-904, 909, 
1006, 1019 
and salt load of marine 
birds, 959 
stop-flow studies, 902-904 
after ureteral occlusion, 903, 
912 
and volume, 958, 1003, 1006 
flow, 876 
countercurrent multiplier sys- 
tem, 906-909 
and papilla pressure, 876 
and pressure breathing, 1005, 
1006 
and sodium chloride, 862-863 
and vasopressin, 1005 
water diuresis, 958 
micropuncture technic, 861 
osmolality, 860, 862, 863, 871, 
876, 902, 906-907 
after para-aminohippurate, 908, 
988 
pH, 872, 873, 898 
and ion exchange, 899 


V 


Vagotomy, and aldosterone secre- 
tion, 1016, 1018 
Valine, 832 
Vasopressin 
and adrenocortical 
1029 
and adrenocorticotrophie hor- 
mone, 1029, 1042-1043 
like activity, 1046 
and aldosterone secretion, 1042- 
1043 
antidiuresis, species differences, 
1030 
arginine, 1027-1030, 1034, 1040- 
1044, 1046 
acetyl, 1042, 1043, 1046 
vasotocin displacement, 1033- 
1034 
and cortisol excretion, 
1044, 1046 
after hypophysectomy, 1040 
infusion time factor, 1047 
gonadotropin excretion, 1029 
from hog pituitaries, 1030 
lysine, 1030, 1034, 1038-1043, 
1046 
and sodium excretion, 1005 
synthesis, 1042-1043 
thirst suppression, 1029 
Vasotocin, 1029, 1033, 1034 
Vena cava 
constriction, and aldosterone 
secretion, 1016, 1019, 1021 
venous return from, 1004 
volume receptor sites, 1005 


secretion, 


1038- 
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Vertebrates. See also specific ani- 
mals 
adenohypophysis, 1028 
hypophysial cireulation, 1028 
land, 930-937 
metamorphosis, 916-938 
hemoglobin, 922, 935-936 
hormonal relationships, 927 
nitrogen excretion, 922, 931- 
932 
second, 927-930, 934-935 
neurohypophysis, 1028 
hormones, 1027-1031 
peptides, 1032, 1033 
osmoregulation, 934, 955 
spawning environment, 917-920 
visual system, 916-924, 930 
Virus 
tobacco mosaic, 842, 843 
yellow turnip, 831, 842 
Vitamin, in vertebrate visual sys- 
tem 
A, 916, 917 
Ai, 918, 920, 921 
Ao, 917, 918, 920, 921-924 


Ww 


Water 
antidiuretic hormone, 859-860, 
867, 1001, 1003, 1027 
balance, 1031-1032 
nephron countercurrent sys- 
tem, 865, 867 
neuroendocrine regulatory 
system, 1000-1001 
in erystalline hydrates of non- 
polar molecules, 834 
density, and molecular vibra- 
tion, 821 
deprivation, 859-860 


INDEX 


diffusion, 865 
and in ice, 833 
self-, and ion transport, 823, 
826 
diuresis, 913, 958, 1027 
glomerular filtration rate, 958 
and isosmotie tubular fluid, 
861 
and urine in collecting ducts, 
875 
excretion, 1001 
response to pressure breath- 
ing, 1005 
stretch receptors and volume 
changes, 1006 
fluidity, 821, 849 
relative, 823-824 
hydrate macromolecules, _ice- 
like lattice, 831 
ingestion and thirst, 1003 
metabolism, 939-940 
molecule, 834-835 
shape, 831 
size, 822 
permeability, 867, 875, 888, 1033 
and protein molecule, 855 
around nonpolar groups, 835 
side-chains, hydration, 831- 
832 
reabsorption, 863, 1027 
in outer medulla, 876 
stop-flow studies, 902-909 
and urine inulin concentra- 
tion, 869, 870 
retention, 1027 
and salt wasting, 1006 
and sodium, 859-860, 863, 913 
depletion in ear cartilage, 
944-945 
extrarenal regulation, 1000- 
1008 
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structure, 819-821 
and electrolyte solutions, 818 
827 
substitutional, 823 
total exchangeable, measure 
ment, 941 
transport, 849, 876 
and glucose concentration 
952 
and osmotic pressure, 850, 
856, 857 
“sweat” technique, 949 
after ureteral occlusion, 912 
vapor pressure, 810 
Weight 
loss, and aldosterone secretior 
1021 
and sodium intake, 1019 
Whales, 956 
Wrasse fishes, 918, 919 


X 
Xenopus laevis, 923, 924 


. 
Yttrium, 821-822 


Z 


Zinc, in solution 
erystal radius, 821-822 
mobility and relative fluidity, 
825 
protein binding, 835-836 
and glycine, 836 
and pyridine-2-azo-p-dimethyl- 
aniline, 838 
Zirconium, 821-822 
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